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SUBJECT:  Proceedings  of  the  1980  Army  Science  Conference 


SEE  DISTRIBUTION 


1.  The  twelfth  in  a  series  of  Army  Science  Conferences  was  held  at 
the  United  States  Military  Academy,  17-20  June  1980.  The  conference 
presented  a  cross  section  of  the  many  significant  scientific  and 
engineering  programs  carried  out  by  the  Department  of  the  Army  and 
provided  an  opportunity  for  Department  of  the  Army  civilian  and  mili¬ 
tary  scientists  and  engineers  to  present  the  results  of  their  research 
and  development  efforts  before  a  distinguished  and  critical  audience. 

2.  These  Proceedings  of  the  1980  Army  Science  Conference  are  a  com¬ 
pilation  of  all  papers  presented  at  the  conference  and  the  supplemental 
papers  that  were  submitted.  The  Proceedings  consist  of  four  volumes, 
with  Volumes  I  through  III  unclassified,  and  Volume  IV  classified. 

3.  Our  purpose  for  soliciting  these  papers  was: 

a.  To  stimulate  the  involvement  of  scientific  and  engineering 
talent  within  the  Department  of  the  Army. 

b.  To  demonstrate  Army  competence  in  research  and  development. 

c.  To  provide  a  forum  wherein  Army  personnel  can  demonstrate  the 
full  scope  and  depth  of  their  current  projects. 

d.  To  promote  the  Interchange  of  ideas  among  members  of  the  Army 
scientific  and  engineering  community. 


4.  It  is  hoped  that  the  information  contained  in  these  volumes  will  be 
of  benefit  to  those  who  attended  the  conference  and  to  others  interested 
in  Army  research  and  development. 


DONALD  R.  KEITH 
Lieutenant  General,  GS 
Deputy  Chief  of  Staff  for  Research, 
Development,  and  Acquisition 
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SECOND  HARMONIC  GENERATION  OF  NEAR  MILLIMETER 
WAVE  RADIATION  BY  NONLINEAR  BULK  MATERIAL  (U) 


*BYONG  H.  AHN,  Mr. 

WILLIAM  W.  CLARK,  III,  PhD 
NIGHT  VISION  &  ELECTRO-OPTICS  LABORATORY 
FORT  BELVOIR,  VA  22060 


I.  Introduction. 

Bulk  crystals  have  been  used  frequently  to  obtain  second  har¬ 
monic  g  eneration  (SHG)  and  third  harmonic  generation  (THG)  of  radia¬ 
tion  from  the  fundamental  input  frequency,  particularly  in  the 
optical  region. 

For  example,  ammonium  dihydrogen  phosphate, potassium  dihy¬ 
drogen  phosphate, semiconductor  materials, (3)  and  ferroelectric 
materials (^)  were  used  for  the  SHG  of  input  laser  beams. 

SHG  and  THG  have  also  been  realized  in  the  microwave  region. 
Boyd,  et.  al. , (5)  reported  on  the  nonlinear  coefficients  and  other 
important  parameters  at  55  GHz.  Later,  Boyd  and  Pollack^^^  published 
a  comprehensive  paper  on  the  nonlinear  coefficients  of  LiTaOo  and 
LiNb03  in  the  microwave  region.  DiDomenico,  Jr.,  et.  al. , (7; 
obtained  a  9  GHz  TH  output  with  an  efficiency  of  8.5%  from  a  2200 
watt  3  GHz  source  by  use  of  a  73%  BaTi03  -  27%  SrTi03  ceramic  in  a 
coaxial  cavity  configuration. 

Impetus  for  bulk  harmonic  generation  in  the  microwave  region 
was  given  by  the  discovery  that  some  ferroelectric (5)  crystals  have 
very  large  nonlinear  coefficients,  large  enough  to  compensate  for 
the  lower  frequencies  of  the  microwave  region  in  comparison  to  those 
of  the  optical  region. 

Our  interest  in  SHG  and  THG  in  the  microwave  region  started 
with  the  need  for  a  radiation  source  at  220  GHz.  Tube  type  sources 
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(i.e. ,  klystron  and  magnetron)  and  solid  state  sources  (l.e.,  IMPATT 
and  GUNN  diodes)  encounter  inherent  material  limitations  and  fabri¬ 
cation  difficulties  in  terms  of  the  electron  and  hole  mobility  and 
the  small  geometrical  dimensions  and  high  electrical  field.  These 
problems  make  it  difficult  and/or  impossible  to  obtain  220  GHz 
radiation  from  these  sources.  On  the  other  hand,  size  and  weight  of 
the  source  are  very  important  system  design  criteria.  A  powerful 
gyrotron  is  too  big  and  too  heavy  a  system  for  portable  use.  Extended 
Interaction  Oscillators  (EIO)  represent  recent  source  options  whose 
specified  output  power  is  60  W  at  220  GHz.  Unit  cost,  lifetime,  and 
ease  of  fabrication  are  also  Important  parameters  for  consideration. 

At  the  present  time,  the  lower  frequency  radiation  sources  tend  to 
have  a  longer  lifetime  and  are  easier  to  make,  both  of  which  result 
in  lower  cost. 

After  weighing  various  system  paramenters,  such  as  the  efficien- 
Qy^  weight,  size,  power  output,  lifetime,  and  ease  of  fabrication,  it 
was  decided  to  investigate  the  bulk  SHG  and  THG  techniques  as  an 
option  to  satisfy  the  requirement  for  source  development  for  specific 
NV&EOL  systems  applications.  The  performance  specifications  of  the 
EIO  will  be  used  as  the  basis  for  our  requirements  analysis. 

This  paper  will  develop  the  theoretical  conversion  efficiency 
equations  for  the  SHG  and  THG,  illustrate  the  input  power  require¬ 
ments  for  the  known  nonlinear  materials  and  the  material  require¬ 
ments  for  the  available  input  power  sources,  and  list  the  ferroelec¬ 
tric  materials  which  show  promise  as  bulk  crystal  harmonic  generators. 
The  experimental  setup  and  the  preliminary  results  will  be  described 
briefly. 


Theor 


1.  SHG.  SHG  is  possible  only  in  acentric  crystals,  wherein 
the  input  radiation  produces  polarization  at  the  second  harmonic 
given  by(^)  , 


P^(2co)  =  dijk  Ej(co)Ei^(«) 


Eqn.  (1) 


where  E,  (to)  and  E^ (to)  are  the  electric  fields  at  the  fundamental 
frequency,  to,  Cq  is  the  free  space  electric  permittivity  and  d^jj^ 
is  the  nonlinear  coefficient. 

a.  Conversion  Efficiency.  Assuming  the  conversion  efficiency 
is  low  and  the  absorption  of  the  input  power  by  the  crystal  is 
negligible,  i.e.,  E?nc  (“) (z=0)  E^(to)(z=A),  then  by  proper  adjustment 
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for  d?.,  ,  the  conversion  efficiency  can  be  expressed  as (9) 
ijK’ 

(d“)^il^p(co)  sin^(TT)l/2Jl^) 


n  =  p(2a))/p((o)  = 


n3  A 


Eqn.  (2) 


Jl  =  interaction  length 

A  =  beam  size 

=  coherence  length 
n  =  index  of  refractfbn 

p  (co)  =  input  power  _i  o  , 

d”^  =  nonlinear  coefficient,  usually  expressed  in  10”  m/V 


unit. 


The  unit  of  d  in  Reference  9  is  obtained  by  multiplying  d®  in 
this  paper  by  8. 85x10” 12.  if  the  conversion  efficiency  is  high, 
E|„„(a.)(2-0)  -  elwu-l.)  +e|(20))(z.I)  .  ‘"e  conversion 

efficiency  is  expressed  asUO)  ^  .  tanh2((i3d%j^  i/nc) 


converting  this  to  more  familiar  terms 

n  =  tanh^  [/T  oad®GQ(yQ/e)^/^il/p(co)7A] 


Eqn.  (3) 


If  the  absorption  is  significant,  then  the  second  harmonic  power  is 
modified  by(ll)  p*  (2co)  =  p(2a3)exp(-a^il+l/2a2/) 


b.  Nonlinear  Coefficient.  The  generalized  nonlinear  coeffi¬ 
cient  is  expressed  as^l2) 

dm«o)  =  6ab[(X^)^+(X^)^(X®)]  +  <Sc(X^)(X®)^  +  Eqn.  (4) 

where  ~  linear  Ionic  susceptibility 

X^  =  linear  electronic  susceptibility 
d^  =  ^})(x*^')  ^  nonlinear  optical  coefficient 

the  6^  values  in  Eqn.  (4)  are  all  on  the  order  of  10“^^m/V.  In  the 
optical  region,  only  the  linear  electronic  susceptibility  X^ 
contributes,  whereas  in  the  microwave  region,  all  the  terms  contri¬ 
bute.  In  diatomic  materials,  such  as  GaAs  and  CdTe,  X^  is  about  the 
same  as  X^  and  d^  is  about  the  same  as  d®.  In  ferroelectric  mater¬ 
ials,  such  as  LiNb03  and  BaTi03,  x^  »  X®  and  d^  »  dO.  Furthermore 
the  linear  ionic  susceptibility  is  related  to  the  electrical  permit¬ 
tivity  as  X^  "  -  n2  -  1  and  x®  “  1  (this  n  is  the  index  of 
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refraction  In  the  optical  region) .  This  indicates  that  a  promising 
nonlinear  material  in  the  microwave  region  will  have  a  large  electri¬ 
cal  permittivity,  e.  In  the  ferroelectric  crystals  where 
we  can  assume  that  ~ 
electrical  permittivity 


where  is  the  microwave 


The  magnitude  of  the  microwave  nonlinear 


coefficient  can  be  approximated  as  ^jm  g  (X^)^ 


"  <SAB(eco/eo)^ 


In  the  conversion  efficiency,  Eqn.  (2),  we  notice  that  ri  «  (d®)2/n^. 
By  use  of  Eqn.  (5) ,  the  above  relationship  can  be  expressed  as 


n  cc  (6AB)2n^9 


The  conversion  efficiency  is  thus  proportional  to  the  9th  power  of 
the  index  of  the  refraction  in  the  microwave  region. 

The  following  table  gives  the  summary  of  important  parameters  for 
SHG  in  bulk  crystals. 

Table  I.  Physical  Parameters  of  Bulk  Harmonic  Generators 


MATERIAL 

POINT 

GROUP 

e/Eo 

a 

cm"l 

X® 

■ 

^AB 

10-^2ni/v 

‘^ijk 

10"12in/v 

ijk 

BaTiO^ 

4rom 

2.29 

57 

1.7 

4.25 

52 

0.64 

97,000 

333 

LiTa03 

3m 

2.14 

40 

1.0 

3.58 

35.4 

0.33 

16,000 

333 

LiNb03 

3m 

2.16 

25.5 

0.5 

3.66 

20.8 

0.63 

6,700 

333 

KDP* 

42m 

HQ 

B 

0.9 

1.24 

1.13 

41.8 

18.9 

0.053 

1,850 

123 

GaAs 

43m 

3.27 

13.05 

0.024 

9.71 

2.34 

-HO.  12 
-1.40 

*Upper  and  lower  values  are  for  1-  and  3-  axes,  respectively. 
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Pollack  and  Turner (^3)  reported  the  magnitude  of  BaT103  In  d^^^ 
to  be  +3.9x10^  in  the  units  of  This  value  is  greater  than 

d^33  of  BaTi03  by  a  factor  of  402.  Ihls  is  largely  dub  to  the 
constant  strain  dielectric  constant  of  BaT103  in  the  l-axls,  which 
is  2300. 

c.  Discussion.  Thd  coherence  length  in  Eqn.  (2)  is  the  maximum 
useful  length  of  the  crystal  for  SH6. 

In  the  optical  region,  the  coherence  length  can  be  madb  large  by 
carefully  orienting  the  blrefringent  crystal  such  that^n2(o  is  very 
nearly  equal  to  in  the  direction  of  the  respective  tadiations. 

No 'such  precaution  is  used  in  the  microwave  region  because  of  the 
longer  wavelength.  Letting  n2(Q-n(^“0.01,  'f-c  at  X-SiASmm  (55  GHz) 
is  136mm. 

Other  factors  which  affect  the  conversion  efficlehcy  are  the 
frequency,  nonlinear  coefficient,  index  of  refraction,  and  the  beam 
size.  The  decrease  in  frequency  in  going  from  the  optical  to  the 
NMMW  region  is  offset  by  the  Increase  in  the  nonlinear  coefficient, 
din,  as  can  be  seen  in  Table  I.  However,  the  Increase  in  conversion 
efficiency  due  to  the  material  coefficients  is  reduced  somewhat  by 
the  factor  of  n^  in  the  denominator  of  Eqn.  (2).  The  true  material 
dependence  is  given  by  Eqn.  (6)  which  shows  that  conversion  efficiency 
is  roughly  proportional  to  n®. 

The  conversion  efficiency  is  also  affected  by  the  decrease  in 
radiation  intensity  in  the  NMMW  region.  Assuming  the  heam  size  is 
limited  by  diffraction,  the  intensity  is  proportional  to  the  inverse 
square  of  the  wavelength.  In  going  from  a  wavelength  df  1  ym  to 
1mm  the  reduction  in  conversion  efficiency  is  on  the  otder  of  10^. 

The  beam  size  in  the  NMHW  region  can  be  made  somewhat  smaller  by  use 
of  waveguide. 

2.  Third  Harmonic  Generation  (THG).  THG  is  anothdr  technique 
to  use  for  frequency  multiplication.  Cubic  crystals  can  be  used  for 
THG.  Terhune,  et.  al. obtained  THG  from  calclte  Using  a  ruby 
laser  with  a  peak  power  of  206  kU.  The  conversion  efficiency 
obtained  was  about  4xl0~^i  Shelton  and  Shen(l^)  obtained  THG  in 
cholesteric  liquid  crystals.  ^  Puell  and  Vidal obtained  THG  from 
alkalal  metal  vapors.  Akitt  and  Coleman obtained  TiSG  in  HCN  gas 
in  the  microwave  region  with  an  efficiency  of  1.5x10”^  Using  a  100 
kW  source.  Bloom,  et.  al<,(^^)  obtained  a  high  conversion  efficiency 
of  10%  in  a  medium  df  xenon  and  rubidium  with  a  mode- locked  Nd:YAG 
laser  with  a  peak  power  of  3x10®  watt.  Depending  upon  the | available 
input  power,  THG  caU  be  a  vfable  option  to  SHG.  | 
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The  induced  third-order  polarization  is  given  by 
p(3)(3a3)  = 

and  the  third  harmonic  output 

9u  sin^('ir5,/2Jl^) 

p(3)(3a))  - 

n  (TrJl/2il^)2 

where  =  ^/6(n3^-n^) 

It  can  be  seen  that  the  third  harmonic  output  is  proportional  to  the 
third  power  of  the  input  signal  strength.  The  third  harmonic 
linear  coefficients  are  typically  smaller  by  a  factor  of  10^-10**  from 
their  second  harmonic  counterparts.  SrTiO^  is  an  example  of  a 
material  with  a  high  nonlinear  third  harmonic  coefficient  in  the  NMMW 
region. 

3.  Temperature  Effects.  Changing  the  temperature  can  affect 
the  SHG  or  THG  in  a  number  of  ways.  For  instance,  the  phase  transi¬ 
tion  temperature  determines  the  crystal  symmetry  and  thus  its  har¬ 
monic  application.  Theoretically  SHG  is  possible  only  in  acentric 
crystals. 

Ferroelectric  crystals  have  cubic  S3nnmetry  in  the  paraelectric 
phase,  cubic  perovskite.  In  their  ferroelectric  phase,  below  the 
phase  transition  temperature,  they  lose  the  center  of  Inversion. 

For  example,  KTaO,  has  a  cubic  symmetry  at  room  temperature,  but  was 
observed  to  generate  SH  and  TH  at  4.2  K, (21)  a  few  degrees  above  the 
axtrapolated  Curie  temperature.  The  conversion  efficiency  for  SHG 
was  10" 3- 10"^  and  for  THG  was  10"^-10"°  in  the  2-5  GHz  range. 

Another  example  is  SrT103  which  goes  from  cubic  to  tetragonal  (C4v) 
below  100  K. (22) 


The  index  of  refraction  and  the  absorption  coefficient  also 
depend  upon  the  temperature  as  well  as  the  frequency* '■  ■'  Both 

values  are  smaller  at  the  lower  temperature  and  longer  wavelengths. 

In  addition,  dielectric  constants  undergo  a  dramatic  change  around 
the  Curie  temperature (23)  and  follow  the  Curle-Weiss  law  for  ferro¬ 
electric  crystals. 

Kaminov  and  Harding (^^^  measured  the  change  in  the  dielectric 
constant  and  the  loss  tangent  as  a  function  of  temperature  at  9.2  GHz 
in  KDP  (Tc  -  123°K)  and  Talyanskjii,  et.  al. ,  *■  '  found  that 

general  the  second  harmonic  and  the  nonlinear  coefficient  changed  in 
the  same  manner  as  the  dielectric  constants.  They  found  that  the 
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SH  power  at  -120°C  goes  up  as  much  as  7.5  times  the  room  temperature 
SH  power. 


4.  Applied  DC  Fields.  Symmetric  crystals  can  also  be  distorted 
Into  acentric  structures  under  the  Influence  of  electric  fields. 
Calclte,  which  possesses  a  center  of  Inversion,  was  observed  to 
generate  SH  even  without  an  applied  field. (26,  27)  xhe  output  was 
observed  to  Increase  by  a  factor  of  10  In  a  dc  field  of  200  kV/cm. 

The  effective  nonlinear  coefficient  In  the  optical  region  was  about 
3xl0“^d35  (ADP).  Maker  and  Terhune(20)  expressed  the  nonlinear 
polarization  of  the  electric  field  Induced  SHG  In  calclte  by 

p(3)(3a))  =  2e^X^^^E2(a))Edc 

They  reported  that  with  Edc=20  kV/cm,  SH  power  was  about  1/500  that 
of  KDP  under  similar  setup  using  a  ruby  laser. 

In  SrT103  the  transverse  optical  frequency  (coto)  at  8  K  shifts 
from  10  cm"!  to  45  cm"^!  with  an  applied  field  of  12  kV/cm.  It 
Is  also  slightly  deformed  under  the  dc  field  by  about  .056%. (28) 

This  material  can  be  grown  by  the  flame  fusion  techniques  In  large 
sizes  (1x1x2  cm). 

5.  Numerical  Calculation  of  the  Output  Power.  Using  the  con¬ 
version  efficiency  equation,  the  SH  power  of  LlNb03,  LlTa03,  and 
BaT103  Is  calculated  using  an  Input  power  of  .1  W  at  55  GHz  with  a 
sample  length  of  1  cm. 

LlNb03  P(2a))=.049xl0“9w 

LlTa03  P(2(o)=.  14x10”9w 

BaT103  P(2co)=3.35x10-9w 

The  above  numbers  assume  that  the  input  beam  fills  the  wave¬ 
guide,  the  phase  is  matched,  and  the  polarization  of  the  beam  and 
the  crystal  orientation  are  consistent  with  the  nonlinear  coeffi¬ 
cients  given  in  Table  !•  It  can  be  seen  that  at  this  input  power 
level  (which  is  typical  for  a  klystron  oscillator)  a  very  sensitive 
detector  is  necessary  to  observe  the  SH  output. 

6.  Performance  Criteria  for  the  Harmonic  Generation.  For  high 
SHG,  we  must  have  a  crystal  with  high  d^  and/or  a  high  power  funda¬ 
mental  source. 

An  EIO  producing  1  kW  at  110  GHz  and  60  W  at  220  GHz  is  avail¬ 
able  from  Varian  of  Canada.  An  equivalent  conversion  efficiency  of 
6%  is  used  as  the  performance  baseline. 
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By  use  of  a  BaT103  crystal  1  cm  long  (41333)  ^  ^ 

at  110  GHz,  a  calculated  SH  output  of  4.46  W  (11=. 446%)  is  obtained. 
Using  the  same  crystal  in  the  d^J^s  mode  a  SH  output  of  174  W  should 
be  obtained. 

For  THG,  SrTi03  requires  a  fundamental  input  power  of  150  mega¬ 
watts  to  obtain  a  100  W  third  harmonic  output  at  210  GHz  (assuming  a 
value  X^^^=7xl0“^^  (mks)  from  optical  data). 

■  P  ■  ■ 

7.  Crystals  with  High  SHG  Possibility.  Ferroelectric  crystals 
above  and  below  the  phase  transition  temperature  can  be  useful  for 
THG  and  SHG  respectively  in  the  microwave  region.  This  is  mainly 
due  to  the  large  ionic  linear  susceptibility  which  is  related  to  the 
crystal  distortion  from  the  cubic  structure.  The  materials  with 
non-cubic  structure  and  high  constant-strain  dielectric  constants 
are  selected  for  further  study.  . 

K6Li4Nb03, a  crystal  sjnnmetry  of  4mm,  has  a  Curie  tempera¬ 
ture  of  420°C  and  was  found  to  be  stable  under  high  laser  intensity. 
Its  constant- strain  dielectric  constant  is  approximately  295  at  100 
MHz.  This  material  showed  nonlinear  properties  comparable  to  LiNb03 
without  double  refraction  in  the  optical  region.  The  ratio  of  K  and 
Li  can  be  changed  to  obtain  different  physical  parameters. 

SrxBai_xNb20g, (30)  4njn,  is  another  ferroelectric  which  shows 
promise  as  a  SHG  material  in  the  NMMW.  Depending  upon  the  mix  of  Sr 
and  Ba,  the  Curie  temperature  is  found  to  vary  between  60°C  to  250°C 
and  the  dielectric  constant  varies  from  118  to  3400  (measured  at  15 
MHz). 

KSr2Nb30]^5 (31)  has  a  tetragonal  crystal  symmetry  with  a  Curie 
temperature  of  +160®C  and  a  dielectric  constant  of  103  at  10  Hz. 

It  was  grown  by  the  Czochralski  technique  and,  again,  its  physical 
parameters  can  be  varied  by  the  K-Sr  mix. 

III.  Experiment. 

1.  SHG  and  THG.  Figure  1  shows  the  experimental  arrangement 
for  SHG  and  THG. 
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Figure  1.  Experimental  Setup 


Fundamental  power  from  a  klystron  is  sent  through  various 
monitoring  And  tuning  devices  and  then  onto  the  sample  which  is 
inserted  in  fundamental  waveguide.  For  observation  of  the  SH  the 
signal  from  the  sample  passes  through  a  waveguide  taper  section 
which  attenuates  the  fundamental  frequency.  The  remaining  signal  is 
sent  into  a  cooled  InSb  detector.  For  observation  of  the  fundamental 
frequency  th^  taper  section  is  eliminated.  For  temperature  effect 
measurements  E  -  bend  waveguide  sections  can  be  placed  before  and 
after  the  sample  to  enable  it  to  be  placed  into  a  cooled  bath  at 
various  temperatures. 

For  dc  field  studies,  a  slotted  waveguide  section  was  used  such 
that  the  crystal  could  be  inserted  directly  into  the  waveguide 
through  the  top  (broad  face).  For  this  experiment,  the  crystal  was 
coated  with  conducting  paste  on  the  top  and  bottom,  and  the  high 
voltage  lead  could  be  passed  through  the  slot  in  the  waveguide  and 
soldered  to  the  crystal.  The  ground  lead  was  connected  to  the  wave¬ 
guide. 

A  quasi-optlcal  arrangement  can  also  be  used  in  which  the 
output  from  the  E/H  tuner  is  radiated  into  the  open  air  with  a  gain 
horn.  This  radiation  is  focused  onto  the  sample  by  TPX  lenses.  The 
output  from  the  sample  is  collected  by  the  appropriate  gain  horn  and 
waveguide  system  to  filter  out  the  fundamental  i^equency  power. 

2.  d”^  Measurement. The  nonlinear  coefficient  is  determined 

by  measuring  the  side-band  power  and  the  carrier  power  when  the 
crystal  is  modulated  by  an  a-c  field  above  the  piezoelectric  reso¬ 
nance  frequency.  The  sideband- to-carrier  power  ratio  is  approxi- 
mately(^^ 

p(o)3)  W32(d|ff)2  (Jl/b) 27(0)3) 2 

p(0)2)  c2  e3/eo 
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where  b  is  the  width  of  the  waveguide 
V(cOjL)  is  the  modulating  voltage 
CO2  is  the  carrier  frequency 
0)3  is  the  sideband  frequency 

The  experimental  apparatus  is  similar  to  that  used  to  study  the  dc 
effects. 

3.  Experimental  Results  and  Analysis.  The  experiment  was 
performed  at  55  GHz  using  an  OKI  klystron  with  an  output  of  about 
0.1  watt.  There  was  also  the  klystron  generated  second  harmonic 
(KGSH)  and  third  hamonic  which  had  to  be  considered  in  the  measure¬ 
ments.  The  low  power  measurements  were  made  by  using  the  manufacturers 
responslvity  specifications  of  3910  V/W  for  the  InSb  detector. 

The  results  obtained  should  be  considered  as  preliminary  and 
qualitative.  There  were  uncertainties  as  to  the  true  temperature  of 
the  sample  crystal  with  respect  to  the  temperature  of  the  waveguide 
which  was  monitored  with  a  copper-constantln  thermocouple  and  a 
digital  voltmeter.  The  thermocouple  was  soldered  to  the  waveguide 
adjacent  to  the  sample  crystal.  The  temperature  of  the  waveguide 
and  the  sample  were  varied  with  LN2  and  a  heat  gun;  no  attempt  was 
made  to  keep  the  sample  crystal  at  a  particular  temperature  other 
than  at  LN2  temperatures  and  room  temperature. 

As  the  crystals  were  cooled  the  output  fluctuated  as  much  as  an 
order  of  magnitude.  This  may  be  due  to  resonance  behavior  of  the 
cavity  formed  by  the  crystals  in  the  waveguide  where  the  resonant 
frequency  changes  with  temperature  variations  of  the  crystal  index 
of  refraction.  In  such  cases  the  transmission  should  show  maxima 
at(^^^  KJl  =  ITT  and  minima  at  Kil  =  (I+1/2)tt  where  K  is  the  propaga¬ 
tion  constant  in  the  crystal  and  I  is  an  integer. 

Measurements  on  the  transmission  and  fluctuation  of  the  funda¬ 
mental  frequency  signal  were  made  to  explain  the  results  obtained 
with  the  second  harmonic  frequency  signal.  For  example,  the  change 
in  the  absorption  coefficient  at  the  second  harmonic  between  300  K 
and  77  K  was  assumed  to  be  the  same  as  that  observed  at  the  funda¬ 
mental  frequency. 

a.  Fundamental  Frequency.  Observation  of  the  fundamental 
frequency  signal  produced  two  phenomena: 

i)  There  were  variations  in  the  output  power  which  may  be  due 
to  crystal  cavity  resonance.  Upon  cooling  a  22mm  sample  of  LiNb03 
produced  the  same  number  of  maxima  and  minima  in  transmission  as 
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predicted.  But  in  samples  of  LlTaO^  there  were  more  maxima  and 
minima  than  predicted  assuming  that  the  index  of  refraction  changes 
the  same  as  LiNbO^  (An  =  .2).'!^)  The  discrepancy  was  not  rectified 
when  thermal  expansion  was  considered,  and  is  still  open  to  discus¬ 
sion. 

ii)  The  absorption  coefficient  of  LiTaO^  was  reduced  0.9  cm“^ 
upon  cooling  from  300  to  77  K.  The  absorption  coefficient  of  LiNb03 
was  found  to  be  2.64  cm"^  and  did  not  change  appreciably  between  300 
K  and  77  K.  _This  value  is  5  times  higher  than  previously  reported. 

b.  Second  Harmonic.  As  mentioned  earlier,  the  klystron  was 
observed  to  generate  a  second  harmonic  signal  of  its  own,  as  much  as 
140x10“^®  W,  which  was  significant  compared  to  the  calculated  bulk 
crystal  SH  as  shown  in  Table  II.  This  110  GHz  input  to  the  crystal 
had  to  be  accounted  for  in  the  total  SH  output.  But  this  signal  was 
attenuated  completely  at  room  temperature  by  all  the  samples  except 
a  0.5  cm  LiNb03.  As  the  samples  were  cooled,  the  amplitude  of  the  110 
GHz  signal  increased.  The  magnitudes  of  the  110  GHz  signals  at 
liquid  nitrogen  temperatures  are  also  shown  in  Table  II. 

Table  II.  Effect  of  Temperature  in  the  Second  Harmonic  Signal 


mi 

LENGTH 

CALCULATED 

SH  SIGNAL  (300OK) 

EXPERIMENTAL* 

SH  SIGNAL  (300OK) 

EXPERIMENTAL 

SH  SIGNAL  (770K) 

LiNb03 

2.  2cin 

2.4x10"^^  watts 

no  signal 

5-10x10-10 

0.5cm 

0. 1x10”^^  watts 

~lxl0”l®  watts 

2.5—5x10  ^watts 

LiTa03 

0. 775cm 

O.SxlO"'^^  watts 

no  signal 

3.1x10“^^  watts 

l.Ocm 

1.4x10""^^  watts 

no  signal 

7.3xl0"^0  watts 

*Detectlon  limit  is  of  the  order  of  IxlO’^O  watts. 
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As  can  be  seen,  the  SH  frequency  signal  increased  in  each  case 
upon  lowering  the  temperature.  Two  explanations  are  provided: 

i)  Increase  in  transmission  of  the  klystron  SH.  This  should 
not  account  for  more  than  2x10“^^  watts  assuming  that  the  absorption 
coefficient  at  the  SH  frequency  behaves  similarly  to  the  observed 
absorption  coefficient  at  the  fundamental  frequency. 

ii)  Increase  in  the  crystal  generated  SH  due  to  the  increase  in 
the  fundamental  frequency  input  caused  by  the  reduction  of  the  absorp¬ 
tion.  This  increases  the  SH  power  by  the  square  of  the  increase  in 
the  input  power  (see  Eqn.  (2)).  This  amounts  to  an  increase  by  a 
factor  of  4.  On  the  other  hand,  the  SH  signal  is  also  proportional 

to  the  9th  power  of  the  index  of  refraction.  This  reduces  the  bulk 
generated  SH  by  25%-30%  assuming  the  index  of  refraction  decreases  by 
0.2. The  net  gain  in  the  bulk  generated  SH  is,  therefore,  a 
factor  of  3.  If  the  calculated  SH  signals  in  Table  II  are  multiplied 
by  a  factor  of  3,  they  are  comparable  to  the  experimental  values 
except  in  the  0.5cm  LiNb03. 

There  was  some  indication  of  resonance  behavior  in  LiNb03  at 
110  GHz  but  none  was  seen  in  LiTa03. 

SrTi03  and  proustite  were  also  tested  at  110  GHz  but  no  signal 
or  change  in  the  signal  amplitude  was  detected  even  with  cooling.  In 
KDP  a  signal  was  observed  upon  cooling  but  no  absolute  measurements 
were  made. 

IV.  Conclusion. 

The  review  was  made  on  the  need,  the  theory,  the  techniques,  and 
the  materials  suitable  for  the  SHG  and  THG.  Further  research  on 
materials  in  forms  of  the  growth  technique  and  the  characterization 
of  physical  parameters  is  needed. 

Some  of  the  important  features  of  these  are: 

i)  Large  size  availability. 

ii)  Large  linear  ionic  susceptibility. 

iii)  High  microwave  intensity  damage  threshold. 

iv)  Proper  crystal  symmetry. 
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The  materials  with  high  potential  are  K  Sr^^Ba,  Nb20g, 

-  '  '  a  220  GHz  source  which 

and  is  readily  available. 


ine  mater laxs  wxtu  iiign  puuci.iuj.oj.  « 
and  K  Sr-  NbcO  .  The  potential  payoff  is 
has  a^longer  lifetime,  is  easy  to  fabricate. 


Preliminary  results  were  also  reported  and  analyzed.  It  was 
observed  that  the  cavity  resonance  behavior  makes  the  crystal  length 
and  the  possible  location  of  the  sample  in  the  waveguide  Important 
parameters  of  experiment.  The  increased  signal  strength  of  the  har¬ 
monic  frequency  at  lower  temperatures  cannot  be  explained  by  the 
reduction  of  the  absorption  coefficient  alone.  More  efficient  trans¬ 
mission  of  the  fundamental  input  with  consequent  increase  in  the  bulk 
generated  SH  could  have  contributed  to  the  result.  Further  experi¬ 
ments  will  be  done  to  verify  the  result. 

The  authors  gratefully  acknowledge  Professor  F.  DeLucia  of  Duke 
University  for  many  valuable  technical  discussions  and  for  the  use  of 
the  Duke  University  Microwave  Laboratory  equipments  and  facilities. 
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THE  EFFECTS  OF  CONTROL  SYSTEM  AND  DISPLAY  VARIATIONS  FOR 
ATTACK  HELICOPTER  MISSION  THROUGH  PILOTED  SIMULATION  (U) 
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AEROMECHANICS  LABORATORY 

U  S  ARMY  RESEARCH  AND  TECHNOLOGY  ^BORATORIES  (AVRADCOM) 

AMES  RESEARCH  CENTER 
MOFFETT  FIELD,  CALIFORNIA  94035 


Research  into  methods  by  which  highly  maneuverable  advanced  helicopters  can  be  niade 
to  function  -  with  reasonable  pilot  workload  levels  -  as  stable  platforms  for  target  desi^ahon  mdlot 
l^fdlery  at  night  and  iA  adverse  weather  is  a  major  interest  of  the  U.S.  Army  Aeromec^cs 
Labwatory.  Two  candidate  techniques  under  investigation  are:  (1)  helicopter  control  system  mo^Sca- 
tions  that  alter  the  aircraft’s  response  to  pilot  control  inputs  and  to  external  mputs  such  as 
(2)  variations  in  the  methods  by  which  critical  information  is  displayed  to  the  pilot  m  an  atteinpt  to 
reduce  the  effort  required  to  interpret  and  respond  to  a  given  situation  while  still  mamtaimg  a  satisfac¬ 
tory  level  of  system  performance.  In  support  of  this  research,  a  piloted  simulator  expemnent  was  designed 
and  conducted  to  assess  the  effects  on  overall  system  performance  and  pilot  worldoad  of  v^tions  m 
control  system  characteristics  and  display  format  and  logic  for  a  nighttime  attack  hehcopter  mission.  This 
paper  describes  the  experiment  and  presents  major  results  and  conclusions. 

BACKGROUND 

The  requirement  that  VTOL  aircraft  operations  be  conducted  at  ni^t  and  under  conditions 
of  limited  visibility  has  given  impetus  to  research  that  is  best  understood  by  reference  to  the  pilot- 
controUed  vehicle-display  system  depicted  in  figure  1.  This  figure  defines  the  elements  of  Ae  system, 
when  integrated,  these  elements  determine  the  pilot  workload  necessary  to  achieve  a  given  level  of  system 

^  The  pilot’s  effort  comprises  three  elements:  (1)  the  mental  workload  required  to  collert  the 

required  information  from  sources  such  as  motion  and  visual  cues;  (2)  the  decision-making  proce^  based 
on  this  information;  and  (3)  the  phyacal  workload,  such  as  control  motions,  required  to  perform  the  t^. 
The  pilot’s  task  in  this  experiment  demands  a  high  level  of  mental  effort  because  of  the  requirement  to 
stabilize  and  control  the  aircraft  in  several  axes  simultaneously  with  limited  visual  cues  while  searchmg  for 
and  acquiring  a  target  under  hostile  conditions. 

In  attempts  to  reduce  pilot  effort  without  significantly  degrading  overall  system  performance, 
the  system  designer  must  address  the  characteristics  of  the  controlled  vehicle  and  of  the  pilot’s  display. 
That  is,  given  the  characteristics  of  the  unaugmented  aircraft  and  the  particulars  of  its  environment. 
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system  performance,  as  a  function  of  pilot  effort,  is  determined  by  (1)  the  stability  and  control  augmenta¬ 
tion  system  (SC AS)  and  (2)  the  display  format  and  logic. 

Control/display  research,  both  generic  and  specific  in  nature,  has  been  applied  to  particular 
VTOL  aircraft  tasks;  reference  1  presents  a  survey  of  the  results  of  such  investigations  of  the  helicopter 
decelerating  instrument  approach  task;  reference  2  describes  research  into  the  problem  of  VTOL  aircraft 
hover  and  low-speed  operations  during  reduced  visibility  conditions.  The  investigation  described  herein 
extends  the  experimental  approaches  of  references  1  and  2  to  the  Army’s  requirement  for  attack  and 
scout  helicopter  missions  conducted  at  night  and  in  adverse  weather. 


Figure  1 Control/display  system  for  advanced  hdicopter. 

The  design  of  the  present  experiment  was  influenced  by  previous  studies  in  which  the  high 
workload  inherent  in  the  low-speed,  low-altitude  portion  of  nighttime  attack/scout  helicopter  missions 
was  addressed.  One  display -oriented  concept,  evaluated  at  length  in  both  simulator  and  flight  tests  by  the 
Army  Avionics  Research  and  Development  Activity  (AVRADA),  consists  of  the  display  of  flight  informa¬ 
tion  superimposed  on  the  video  output  from  a  forward-looking  infrared  (FLIR)  sensor;  the  combined 
imagery  has  been  presented  both  on  a  panel-mounted  display  with  a  fixed  FLIR  sensor  and  on  a  helmet- 
mounted  display  ^IMD)  with  the  FLIR  sensor  slaved  to  the  motions  of  the  pilot’s  head  (ref.  3).  The  HMD 
version  of  this  concept  has  been  adopted  as  a  requirement  for  the  Army’s  Advanced  Attack  Helicopter 
(AAH)  Pilot  Night  Vision  System  (PNVS)  (ref.  4).  Preliminary  simulations  of  a  system  similar  to  the 
PNVS  conducted  by  AVRADA  revealed  that  a  hi^  workload  condition  existed  during  the  bob-up  maneu¬ 
ver  (in  which  the  pilot  attempts  to  maintain  a  precise  hover  position  over  the  ground  during  vertical 
unmasking  and  remasking)  even  though  no  additional  tasks,  such  as  those  related  to  target  search  and 
acquisition,  were  required  of  the  pilot.  As  a  result,  it  was  recommended  that  the  potential  benefits  of 
alterations  in  the  dynamics  of  the  hover  symbology  and/or  the  implementation  of  automatic  hover  aug¬ 
mentation  in  the  aircraft  control  system  be  investigated.  The  design  of  the  experiment  described  in  this 
paper  incorporated  those  recommendations  into  a  more  general  investigation  of  control  system  and  dis¬ 
play  efjfects  on  aircraft  handling  qualities  for  an  attack  helicopter  mission  that  included  a  weapon  delivery 
task. 
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EXPERIMENT  DESIGN 

As  a  result  of  a  1969  agreement  between  NASA  and  the  Army,  the  Army’s  Aeromechanics 
Laboratory,  which  is  collocated  with  the  Ames  Research  Center  (ARC),  has  access  to  ARC  research  facili¬ 
ties  for  the  purpose  of  conducting  investigations  of  aerodynamics,  rotor  system  and  aircraft  dynamics, 
flight  controls  and  displays,  guidance  and  navigation,  and  acoustics  of  rotary  wing  aircraft. 

The  experiment  reported  here  was  conducted  on  ARC’S  six-degree-of-freedoin  moving-base 
simulator  facility,  designated  S.Ol .  The  simulator  cab,  which  was  modified  to  include  a  typical  helicopter 
instrument  panel  and  controUers  (fig.  2),  was  integrated  with  other  simulation  support  facilities  as  indi¬ 
cated  in  figure  3.  A  key  element  of  the  simulation  was  the  representation  of  a  helmet-mounted  display 
(HMD)  image;  the  image  was  presented  to  the  pilot  on  a  panel-mounted  TV  monitor  located  so  tiiat  it 
reproduced  the  actual  HMD  field  of  view  characteristics;  an  arc,  subtended  at  the  pUot’s  eye,  of  30  verti¬ 
cally  and  40°  horizontally  (fig.  4).  The  black  and  white  image  consisted  of  flight  control  and  fire-control 
symbology  superimposed  on  the  video  from  a  simulated  forward-looking  infrared  (FLIR)  sensor  mounted 
on  the  chin  of  the  aircraft.  The  simulated  FLIR  imagery  was  derived  from  the  camera  and  terrain  board 
visual  system;  the  scaled  terrain  used  for  this  experiment  is  a  400:1  model  representative  of  the  Army’s 

Ft.  Hunter-Iiggett  facility.  .  n  j  i,-  i 

As  indicated  in  figure  1,  it  was  expected  that  several  elements  of  the  pilot-controlled  vehicle- 

display  system  would  interact  to  determine  the  workload  required  of  the  pilot  to  attain  a  given  level  of 
performance  for  the  task  in  question.  Accordingly,  three  sets  of  experimental  variables  were  selected  for 
investigation  in  the  simulation  program: 
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Figure  3.—  Simulator  systems. 


1 .  Control  system  —  varying  degrees  of  stability  and  control  augmentation,  including  control 
system  failures. 

2.  Display  —  variations  in  both  the  format,  that  is,  the  location  and  physical  characteristics  of 
the  symbols,  and  in  die  logic  that  drives  certain  key  symbols  (and  thus  determines  the  dynamics  of  these 
symbols  in  response  to  pilot  control  and  external  inputs  such  as  turbulence). 

3.  Environment  —  variations  in  environmental  conditions  consisting  of  steady  wind,  wind 
shear,  and  turbulence. 

Control  Systems 

For  this  experiment,  the  mathematical  model  of  the  unaugmented  attack  helicopter  consisted 
of  six-degree-of-freedom  aircraft  equations  of  motion.  The  equations  included  a  simplified  representation 
of  the  aerodynamic  forces  and  moments  based  on  both  computer-generated  and  flight-test  data  for  the 
AAH.  No  rotor  system  dynamics  were  included.  The  stability  and  control  augmentation  systems  (SCAS) 
investigated  include  two  systems  specific  to  the  AAH  and  several  hover  augmentation  system  (HAS)  con¬ 
cepts  designed  for  the  hover  and  low-speed  portion  of  the  mission.  Details  of  the  model  and  the  actual 
implementation  of  these  control  systems  for  the  simulation  are  discussed  in  reference  5.  The  resultant 
generic  controlled  vehicle  characteristics  in  hover  are  summarized  in  table  1. 

The  control  systems  presented  in  table  1  are  arranged  in  an  order  that  is  associated  with 
expected  reductions  in  pilot  workload  for  a  precision  hover  task  performed  under  visual  meteorological 
conditions;  that  is,  they  are  listed  in  order  of  increasing  ease  of  hover  position  control,  which  is  a  domi¬ 
nant  parameter  that  determines  system  performance.  Relatively  simple  SCAS  configurations  for  the  AAH 
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Figure  4.—  S.Ol  cockpit  arrangement. 


are  listed  first;  they  provide  the  pilot  with  short-term  pitch  and  roll-rate  command  and  long-term  atutuoe 
command  through  the  cyclic  stick.  For  a  helicopter  in  hover,  a  pitch  attitude  change  corresponds  to  a 
short-term  change  in  linear  acceleration;  therefore,  a  pitch-rate  command  system  in  essence  places  the 
pilot  three  integrations  away  from  the  desired  change  in  longitudinal  position.  In  order  to  achieve  a  satis¬ 
factory  level  of  performance  with  this  system,  the  pilot  must  be  provided  with  high  quality,  easily  inter¬ 
pretable  information  on  the  results  of  those  integrations,  that  is,  pitch  attitude,  longitudinal  inertial  veloc¬ 
ity,  and  longitudinal  position.  Under  visual  flight  conditions,  the  real  world  is  the  source  of  the  required 
information,  however,  at  night  or  under  reduced  visibility  conditions,  the  required  information  must  be 
obtained,  at  least  in  part,  from  the  cockpit  instruments  and  displays.  In  contrast,  the  more  sophisticated 
configurations,  such  as  HAS  3,  provide  the  pilot  with  a  controlled  vehicle  that  responds  to  a  longitudinal 
cyclic  stick  input  with  the  commanded  longitudinal  inertial  velocity  and  holds  the  resulting  longitudinal 
position  when  the  stick  is  released.  This  particular  system  places  the  pilot  only  one  integration  away  from 
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TABLE  1.- GENERIC  CHARACTERISTICS  OF  CONTROLLED  VEHICLE-HOVER 


Control 

Controlled  axis 

system 

Pitch 

Roll 

Yaw 

Collective 

AAH 

Quickened  pitch 

Quickened  roll 

Yaw  rate  damp- 

Unaugmented 

SCAS 

attitude  command 

attitude  command 

ing  augmentation 
with  quickened 
control  response 

AAH 

Pitch  attitude 

Roll  attitude 

Pseudo-heading 

Unaugmented 

Attitude  Hold 

command 

command 

hold 

HASl 

Longitudinal  iner- 

Later^  inertial 

Yaw  rate  com- 

Unaugmented 

tial  acceleration 

acceleration  com- 

mand,  heading 

command,  velocity 

mand,  velocity 

hold 

hold 

hold 

HAS2 

Longitudinal  iner- 

Lateral  inertial 

See  HASl 

Unaugmented 

tial  velocity 
command 

velocity  command 

HASS 

Longitudinal  iner- 

Lateral  inertial 

See  HASl 

Unaugmented 

tial  velocity  com- 

velocity  command. 

mand,  position 
hold 

position  hold 

Vertical 

HAS  2  or  HAS  3  characteristics 

Altitude  rate 

Augmentation  1 

command 

Vertical 

HAS  2  or  HAS  3  characteristics 

Altitude  rate  com- 

Augmentation  2 

mand,  altitude  hold 

the  desired  position  change  and,  as  a  result,  may  reduce  the  mental  workload  required  for  satisfactory 
performance. 

The  hierarchy  of  control  systems  presented  in  table  1  is  in  general  dependent  on  the  task  that 
the  pilot-vehicle  system  is  expected  to  perform.  Specifically,  the  various  hover  augmentation  systems  have 
been  designed  to  assist  the  pilot  in  reaching  and  maintaining  a  precision  hover.  It  is  important  to  realize 
that  the  ranking  of  these  control  systems  when  applied  to  other  tasks  will  likely  change  drastically;  for 
example,  the  SCAS  is  designed  to  enhance  aircraft  agility  and  may  therefore  be  preferable  for  the  higher 
speed  maneuvering  fli^t  required  for  some  nap-of-the-earth  missions. 

In  addition  to  an  evaluation  of  the  AAH  control  systems  and  the  various  HAS  concepts  of 
table  1  for  the  ni^ttime  mission,  the  effects  of  degraded  SCAS  modes  were  also  investigated.  Specifi¬ 
cally,  total  failures  of  each  of  the  AAH  SCAS  axes  -  pitch,  roll,  and  yaw  -  were  simulated.  Finally,  a 
full  SCAS  failure,  resulting  in  a  controlled  vehicle  with  the  characteristics  of  the  unaugmented  attack  heli¬ 
copter,  was  implemented. 


22 


AIKEN 


Displays 

One  function  of  the  pilot’s  display  during  the  nighttime  attack  helicopter  mission  is  to  com¬ 
pensate  for  the  lack  of  external  visual  cues.  It  has  been  demonstrated  that  a  helmet-mounted  display  that 
consists  only  of  a  limited  field-of-view  FLIR  image  of  the  outside  world  is  insufficient  for  the  low-speed, 
low-altitude  portion  of  the  mission  and  that  superimposed  flight  control  symbology  can  considerably 
enhance  the  usefulness  of  this  particular  display  medium  (ref.  3).  From  the  pilot’s  point  of  view,  three 
display  characteristics  determine  the  suitability  of  a  given  set  of  superimposed  symbols  for  a  particular 

1.  Information  content  -  Is  the  displayed  information  inadequate,  sufficient,  or  excessive  for 

the  task? 

2.  Forriiat  -  Do  the  location  and  physical  characteristics  of  the  individual  symbols  enhance 

or  degrade  the  efficiency  of  information  transfer? 

3.  Logic  -  Do  the  symbols  accurately  reflect  aircraft  status,  and  do  they  respond  in  an 

orderly  fashion  to  pilot  control  inputs  and  external  disturbances? 

These  sets  of  display  characteristics  formed  the  basis  for  the  display  variations  considered  in  this 
experiment. 

The  basehne  display  format  that  was  investigated  (ref.  4)  consists  of  four  discrete  display 
modes  -  cruise,  transition,  hover,  and  bob-up  -  selectable  by  the  pilot.  Reference  3  describes  the  opera¬ 
tional  requirements  associated  with  each  display  mode  as  (1)  cruise  —  high-speed  level  fli^t  enroute  to 
the  forward  edge  of  the  battle  area;  (2)  transition  -  low-speed,  nap-of-the -earth  maneuvers,  such  as  dash, 
quick  stop,  and  sideward  fli^t;  (3)  hover  -  stable  hover  with  minimum  drift;  and  (4)  bob-up  -  unmask 
and  remask  maneuvers  over  a  selected  ground  position.  The  bob-up  mode  of  the  baseline  format  is 

depicted  in  figure  5. 

In  order  to  explain 
more  clearly  the  information  con¬ 
tent  and  details  of  the  baseline  Hg,  H-j  FORMAT 

symbology,  the  symbols  are 
divided  into  three  categories:  cen¬ 
tral  (fig.  6),  peripheral  (fig.  7), 
and  fire  control  (fig.  8).  The  cen¬ 
tral  symbology  changes  as  a  result 
of  display  mode  switching;  the 
characteristics  of  the  four  display 
modes  are  (1)  cruise  —  velocity 
vector,  cyclic  director,  and  hover 
position  symbols  deleted;  (2) 
transition  —  horizon  line  and 
hover  position  symbols  deleted; 

(3)  hover  —  horizon  line  deleted 
and  hover  position  symbol  fixed 
at  center,  velocity  vector  sensitiv¬ 
ity  increased  compared  to  transi¬ 
tion  mode;  and  (4)  bob-up  —  hori¬ 
zon  line  deleted,  hover  mode 

velocity  vector  sensitivity  retained.  Figure  5.—  Baseline  display  format. 
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SYMBOL 

INFORMATION 

1.  Aircraft  reference 

Fixed  reference  for  horizon  line,  velocity  vector, 
hover  position,  cyclic  director,  and  fire  control  symbols 

2.  Horizon  line 
(cruise  mode  only) 

Pitch  and  roll  attitude  with  respect  to  aircraft  reference 
(indicating  nose-up  pitch  and  left  roll) 

3.  Velocity  vector 

Horizontal  Doppler  velocity  components  (Indicating 
forward  and  right  drift  velocities) 

4.  Hover  position 

Designated  hover  position  with  respect  to  aircraft 
reference  symbol  (indicating  aircraft  forward  and  to 
right  of  desired  hover  position) 

5.  Cyclic  director 

Cyclic  stick  command  with  respect  to  hover  position 
symbol  (indicating  left  and  aft  cyclic  stick  required  to 
return  to  designated  hover  position) 

Figure  6.-  Central  symbology. 


SYMBOL 

INFORMATION 

7.  Aircraft  heading 

Moving  tape  indication  of  heading  (indicating  North) 

8.  Heading  error 

Heading  at  time  bob-up  made  selected  (indicating  030) 

9.  Radar  altitude 

Height  above  ground  level  in  both  analog  and  digital 
form  (indicating  50  ft) 

10.  Rate  of  climb 

Moving  pointer  with  full-scale  deflection  of  ±1,000  ft/mln 
(indicating  0  ft/min) 

11.  Lateral  acceleration 

Inclinometer  indication  of  side  force 

12.  Airspeed 

Digital  readout  in  knots 

13.  Torque 

Engine  torque  in  percent 

Figure  1  —  Peripheral  symbology. 
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SYMBOL 

INFORMATION 

14.  Cued  line  of  sight 

Overlays  designated  target  position  on  background  video 
when  target  is  in  display  field  of  view 

15.  Coarse  target  location 

Designated  target  position  with  respect  to  display  field 
of  view  (inner  rectangle)  and  sensor  limits  (outer  rectangle) 

16.  Target  bearing 

Designated  target  bearing  (indicating  330°  or  30°  to  left 
of  current  heading) 

17.  Target  location  dots 

illumination  of  two  adjacent  dots  indicates  display 
quadrant  in  which  designated  target  is  located 

18.  Missile  launch 
constraints 

Limits  with  respect  to  aircraft  reference  for  successful 
weapon  lock-on  to  designated  target 

Figure  8.—  Fire-control  symbology. 
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Effects  of  variations  in  displayed  information  content,  format,  and  logic  were  investigated  by 
alterations  to  the  hover  and  bob-up  modes  of  this  baseline  format. 

Variations  in  information  content  were  mechanized  in  the  form  of  the  following  display  fail¬ 
ures:  FUR  failure  -  loss  of  background  video;  loss  of  velocity  vector  symbol;  loss  of  cyclic  director  sym¬ 
bol;  loss  of  velocity  vector  and  cyclic  director  symbols;  and  loss  of  all  hover  symbols  -  velocity  vector, 
cyclic  director,  and  hover  position  symbols  inactive. 

To  explore  the  effects  of  variations  in  the  display  format,  an  alternative  format,  consisting  of 
potential  improvements  to  the  baseline  format,  was  implemented  (fig.  9).  The  separation  of  the  horizontal 
status  and  command  information  (fig.  6)  from  the  vertical  status  information  located  on  the  right  side  of 
the  display  (fig.  7)  was  judged  to  be  a  possible  deficiency  in  the  baseline  format.  Concentration  on  the 
central  symbols  could  result  in  degraded  altitude  tracking  performance  because  of  (1)  the  lack  of  vertical- 
horizontal  information  integration,  (2)  the  incompatibility  of  the  location  of  the  vertical  information  with 
the  location  of  the  pilot’s  primary  vertical  controller  (the  collective  pitch  control)  located  on  the  pilot’s 
left  side,  and  (3)  the  lack  of  vertical  command  information.  The  first  of  these  possible  deficiencies  was  not 
addressed  for  this  experiment.  As  a  potential  solution  to  the  latter  two  deficiencies,  the  alternative  format 
includes  the  radar  altitude  information  on  the  left-hand  side  and,  in  lieu  of  a  rate-of-climb  indicator,  a  col¬ 
lective  control  director  driven  by  blended  altitude  and  altitude  rate  information;  when  positioned  on  the 
desired  value  of  displayed  altitude  by  the  pilot’s  collective  control  inputs,  the  collective  control  director 
causes  the  aircraft  to  reach  and  maintain  that  altitude.  This  format  also  includes  a  horizon  line  -  which 
remains  on  the  display  in  all  four 
modes  to  provide  a  compelling 
display  of  aircraft  attitude  in 
hover  —  and  an  analog  display  of 
low-range  airspeed. 

Possible  display  defi¬ 
ciencies  associated  with  the  logic 
driving  the  central  hover  symbols 
were  also  identified.  In  refer¬ 
ence  3,  a  relatively  noise-free  esti¬ 
mate  of  the  horizontal  inertial 
velocity  components  is  derived  for 
use  in  driving  the  velocity  vector 
symbol  of  the  baseline  display 
(fig.  6).  This  estimate  involves  the 
complementary  filtering  of  low- 
frequency  Doppler  velocity  with 
high-frequency  estimates  of  iner¬ 
tial  velocity  based  solely  on  air¬ 
craft  attitude.  Improvements  in 
the  accuracy  of  this  estimated 
velocity  were  obtained  by  chang¬ 
ing  filter  characteristics  and  by 
including  linear  accelerometer  data  in  the  high-frequency  velocity  estimate.  In  addition,  the  sensitivities 
of  the  baseline  hover  symbology  —  velocity  vector,  cyclic  director,  and  hover  position  —  documented  in 
reference  3  were  altered,  using  classical  manual  control  theory,  to  be  compatible  with  the  controlled 


FORMAT 


Figure  9  -  Alternative  display  format. 
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vehicle  characteristics.  As  a  result,  the  sensitivity  of  the  cyclic  director  symbol  varied,  in  general,  with  the 
control  system  characteristics  (table  1). 

The  investigation  of  these  three  display  areas  of  interest  resulted  in  the  following  three  basic 
display  variations: 

1 .  Ho  —  baseline  display  format  (figs.  5—8);  reference  3  hover  symbology  logic 

2.  Hi  —  baseline  display  format;  revised  inertial  velocity  estimate;  sensitivity  of  hover  sym¬ 
bology  based  on  classical  manual  control  theory;  five  display  failure  modes 

3.  Si  —  alternative  display  format  (fig.  9);  Hi  display  logic 

Environment 

To  provide  a  more  realistic  environment  for  the  simulation  and  to  assess  the  effects  of  exter¬ 
nal  disturbances,  a  model  of  low-altitude  wind  and  turbulence  was  implemented  for  the  simulation  (ref.  5). 
Two  levels  of  disturbances  were  investigated:  (1)  calm  —  no  wind  or  turbulence,  and  (2)  moderate  -  a 
10-knot  steady  wind  at  the  nominal  altitude,  a  moderate  wind  shear  with  altitude,  and  3.4  ft/sec  rms  verti¬ 
cal  and  6.8  ft/sec  rms  horizontal  gusts. 


EXPERIMENT 

Three  pilots  served  as  evaluation  pilots  for  the  experiment:  Pilot  A,  an  Army  experimental 
test  pilot  with  3,165  flight  hours,  2,450  of  which  are  in  rotary  wing  aircraft  ('^O  evaluations);  Pilot  B,  an 
experimental  test  pilot  with  4,800  flight  hours,  2,700  of  which  are  in  rotary  wing  aircraft  (^12  evalua¬ 
tions);  and  Pilot  C,  a  NASA  aerospace  engineer  and  pilot  with  7,700  flight  hours,  1,160  of  which  are  in 
rotary  wing  aircraft  (^^30  evaluations). 

The  evaluation  task  for  this  investigation  consisted  of  several  segments  of  the  primary  attack 
helicopter  mission.  These  segments  and  the  corresponding  display  modes  follow: 

1.  Cruise:  accelerate  to  an  airspeed  (V)  of  40  knots  at  100  ft  above  ground  level  (AGL). 

2.  Transition:  descend  to  50  ft  AGL  and  decelerate  to  a  hover  near  a  designated  point  on  the 

terrain. 

3.  Hover:  hover  between  0—50  ft  AGL. 

4.  Bob-up:  bob-up  to  100  ft  AGL  over  designated  hover  position. 

5.  Bob-up:  conduct  target  search  in  azimuth;  when  target  designated,  bring  target  within  the 
missile  launch  constraints  and  simulate  missile  launch. 

6.  Bob-up:  descend  to  original  hover  position. 

7.  Transition-hover:  accelerate  to  V  =  40  knots  and  depart  the  area. 

Most  of  the  evaluations  were  performed  for  an  abbreviated  task  that  comprised  segments  3^6  above.  Each 
evaluation  consisted  of  two  runs  of  either  the  full  mission  or  the  hover  and  bob-up  task.l For  each  run, 
system  performance  data,  such  as  hover  position  accuracy  and  attitude  and  velocity  exciiir^ions,  and  pilot 
physical  workload  data,  in  the  form  of  control  activities,  were  collected.  At  the  end  of  each’  evaluation 
the  pilot  was  asked  to  assign  a  numerical  Cooper-Harper  pilot  rating  (ref.  6)  for  the  task  from  the  scale  of 
figure  10  and  to  provide  commentary,  based  on  a  pilot  commentary  guide,  to  assist  the  experiJnenter  in 
identifying  the  areas  that  most  heavily  influenced  the  rating.  I 

The  Cooper-Harper  pilot  rating  (PR)  is  commonly  used  in  aircraft  handling  qualities  research 
and  is  the  basis  for  the  handling  qualities  “Levels”  used  in  specifications  for  military  aircraft  (e.g.,  ref.  7). 
The  rating  scale  of  figure  10  emphasizes  the  interdependence  of  system  performance  and  pilot  workload 
in  the  dichotomous  decisions  required  of  the  evaluation  pilot  for  the  selection  of  a  numerical  rating. 
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HANDLING  QUALITIES  RATING  SCALE 


AIRCRAFT 

CHARACTERISTICS 

DEMANDS  ON  THE  PILOT 

IN  SELECTED  TASK  OR  REQUIRED  OPERATION* 

PILOT 

RATING 

Excellent 

Highly  desireble 

Pilot  compensation  not  a  factor  for 
desired  performance 

□ 

Good 

Negligible  deficieocie* 

Pilot  compensation  not  a  factor  for 
desired  performance 

Fair  -  Some  mildly 
unpleKant  deficiencies 

Minimal  pilot  compensation  required  tor 
desired  performance 

m 

Minor  but  ennoying 
deficiencies 

Desired  performance  requires  moderate 
pilot  compensation 

Moderately  objectionable 
deficiencies 

Adequate  performance  requires 
considerable  pilot  compensation 

Very  objectioneble  but 
tolerable  deficiencies 

Adequate  performance  requires  extensive 
pilot  compensation 

Major  deficiencies 

Adequate  performance  not  attainable  with 
maximum  tolerable  pilot  compensation. 
Controllability  not  in  question. 

Major  deficiencies 

Considerable  pilot  compensation  is  required 
lor  control 

Major  deficiencies 

Intense  pitot  compensation  is  required  to 
retain  control 

^  Major  deficiencies 

Control  will  be  lost  during  some  portion  of  I 

required  operation  | 

C(wp«r-Hirp«r  Ref.  NASA  TND-S1S3 


DEFINITIONS  FROM  TN-D-5153 


COMPENSATION 

The  measure  of  additional  pilot  effort 
and  attention  required  to  maintain  a 
given  level  of  performance  in  the  face  of 
deficient  vehicle  characteristics. 

HANDLING  QUALITIES 

Those  qualities  or  characteristics  of  an 
aircraft  that  govern  the  ease  and  preci¬ 
sion  with  which  a  pilot  is  able  to  perform 
the  tasks  required  in  support  of  an  air¬ 
craft  role. 

MISSION 

The  composite  of  pilot-vehicle  functions 
that  must  be  performed  to  fulfill  opera¬ 
tional  requirements.  May  be  specified  for 
a  role,  complete  flight,  flight  phase,  or 
flight  subphase. 


PERFORMANCE 

Th'e  precision  of  control  with  respect  to 
aircraft  movement  that  a  pilot  is  able  to 
achieve  In  performing  a  task.  (Pilot- 
vehicle  performance  is  a  measure  of 
handling  performance.  Pilot  perform¬ 
ance  is  a  measure  of  the  manner  or 
efficiency  with  which  a  pilot  n.oves  the 
principal  controls  in  performing  a  task.) 

ROLE 

The  function  or  purpose  that  defines  the 
primary  use  of  an  aircraft. 

TASK 

The  actual  work  assigned  a  pilot  to  be 
performed  in  completion  of  or  as  repre¬ 
sentative  of  a  designated  flight  segment. 


WORKLOAD 

The  integrated  physical  and  mental  effort  required 
to  perform  a  specified  piloting  task. 


Figure  10.—  Cooper-Harper  pilot  rating  scale. 
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SpecificaUy,  a  “controUable”  control/display  combination  may  be  assigned  a  numerical  rating  ^at  places 
it  in  one  of  the  three  primary  performance-workload  categories,  or  handling  qualities  “Levels”  (ref.  6): 

1.  Level  1  (1  <  PR  <  3):  Desired,  or  at  least  clearly  adequate,  performance  for  the  task  is 

attainable  with  a  satisfactory  level  of  pilot  workload. 

2.  Level  2  (4  <  PR  <  6):  Desired  performance  is  not  necessarily  obtained;  however,  adequate 
performance  is  attainable  with  pilot  compensation,  that  is,  increased  workload,  up  to  the  maximum  toler¬ 
able  level, 

3.  Level  3  (7  <  PR  <  9):  Adequate  performance  is  not  attainable  with  maximum  tolerable 
pilot  workload;  an  excessive  workload  level  would  be  required  for  adequate  performance. 

Thus,  the  pilot  evaluation  data  —  the  ratings  and  commentary  —  gathered  for  this  experiment  are  an 
important  source  of  information  regarding  the  interdependence  and  necessary  tradeoffs  of  system  perfor¬ 
mance  and  pilot  workload. 

The  analysis  of  the  pilot  evaluation  data  is  complete,  and  a  summary  is  presented  below.  An 
analysis  of  the  quantitative  performance  and  workload  data  is  in  progress.  ^ 

RESULTS 


Figure  11  shows  the  pilot  rating  results  from  pilot  A  for  the  primary  experimental  matrix.  It 
demonstrates  that,  for  the  hover  and  bob-up  task  with  moderate  wind  and  turbulence,  the  baseline 

control-display  configuration  (SCAS/Hq)  is 


rated  as  being  unsatisfactory  without  improve¬ 
ment  and  approaches  Level  3  handling  quali¬ 
ties.  Improvements  in  the  pilot’s  ratings  are 
obtained  both  by  control  system  modifica¬ 
tions  (e.g..  Attitude  Hold/Ho)  and  by  the 
alterations  to  the  velocity  vector  logic  and 
hover  symbology  scaling  (SCAS/Hj).  How¬ 
ever,  no  further  improvements  occur  as  a 
result  of  the  display  format  modifications 
(SCAS/Si).  The  Hi  display  with  either  the 
Attitude  Hold  feature  or  the  two  velocity 
command  control  systems  (HAS  2  and  3)  pro¬ 
vides  adequate  but  still  unsatisfactory  (Level  2) 
systems  for  the  task.  Vertical  augmentation 
together  with  a  horizontal  velocity  command 
system  is  required  for  a  satisfactory  pilot 
rating  (Level  1). 

Figure  12  demonstrates  a]  general 
degradation  of  pilot  rating  with  colntrol  sys¬ 
tem  and  display  failures.  The  improvement  in 
pilot  rating  for  the  FLIR  failure  is  ajttributed, 
according  to  pilot  commentary,  to  the 
improvement  of  the  quality  of  the  symbology 


with  the  resultant  uniform  video  background.  The  hover/vertical  augmentation  system  improved  the  pilot 


rating  for  each  of  the  display  failures  investigated,  never  allowing  the  handling  qualities  to  fall  below 
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Figure  12.-  Pilot  rating  data  -  failure  effects. 

Level  2.  The  pitch  SCAS  and  full  SCAS  failures  result  in  Level  3  handling  qualities  as  does  the  loss  of  the 
velocity  vector  and  cyclic  director  with  the  SCAS  fully  functional. 

No  system  was  found  to  have  Level  1  handling  qualities  for  the  full  mission;  the  need  for 
maneuverability  during  the  higher  speed  flight  segments  degraded  the  ratings  assigned  to  the  more  heavily- 
augmented  control  systems.  The  lack  of  turbulence  generally  improved  pilot  ratings  for  the  less-heavily 
augmented  control  systems  -  the  SCAS/Hi  and  SCAS/Si  combinations  received  pilot  ratings  of  3  for  the 
hover/bob-up  task.  Finally,  interpilot  variations  were  only  significant  for  the  two  AAH  control  systems 
and  the  control  system  failures;  for  example,  pilot  C  rated  the  SCAS/Hi  combination  as  a  7  for  the  hover 
and  bob-up  task  in  turbulence,  that  is,  Level  3  handling  qualities;  pilot  B  rated  the  same  configuration 
as  a  4. 

For  most  of  the  evaluations,  especially  those  conducted  in  turbulence,  the  pilot  commentary 
indicates  that  the  division  of  attention  among  horizontal  position  control,  altitude  control,  and  target 
acquisition  during  the  hover  and  bob-up  was  crucial  to  their  ratings. 

CONCLUSIONS 

The  following  conclusions  are  based  on  the  handling  qualities  results  obtained  from  the 
piloted  simulator  evaluations: 

1.  The  baseline  control-display  system  is  unsatisfactory  for  the  task  evaluated  and  requires 
improvement. 

2.  Improvements  to  the  baseline  system  may  be  achieved  by  modifying  either  the  control 
system  or  display. 

3.  The  display  modifications  that  most  significantly  improve  pilot  ratings  are  the  increased 
accuracy  of  the  velocity  vector  symbol  drive  logic  and  the  rescaling  of  the  hover  symbology  based  on  the 
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characteristics  of  the  controlled  vehicle;  the  variations  in  display  format  investigated  provided  no  signifi¬ 
cant  improvements.  The  information  content  of  the  baseline  display  format  is  satisfactory  for  the  task. 

4.  A  horizontal  velocity  command  system  and  artificial  augmentation  of  the  collective  axis 
are  required  for  satisfactory  handling  qualities  during  hover  and  bob-up  in  moderate  turbulence, 

5..  A  failure  of  the  baseline  pitch  SCAS,  even  with  the  improved  hover  symbology  dynamics, 
makes  the  system  inadequate  for  the  task.  With  the  basehne  SCAS,  a  failure  of  the  hover  symbols  also 
results  in  an  inadequate  system;  a  hover  and  vertical  augmentation  system  with  the  same  display  failure 
results  in  a  system  that  is  adequate  but  still  unsatisfactory  for  the  task. 

In  general,  the  single-mode  SCAS  represented  by  the  baseline  system  is  unsatisfactory  for  the 
entire  nighttime  attack  helicopter  mission;  the  requirements  for  the  hover,  bob-up,  and  weapon  delivery 
tasks  are  sufficiently  different  from  those  for  the  higher  speed  flight  tasks  that  widely  different  controlled 
vehicle  characteristics  are  necessary  for  these  mission  segments  for  a  satisfactory  system  overall.  Finally, 
the  dynamics  of  the  central  hover  symbols  of  the  pilot’s  display  must  be  designed  to  be  compatible  with 
the  dynamic  characteristics  of  the  controlled  vehicle  to  ensure  pilot  acceptability. 
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IMPACT  FUZE  PERFORMANCE  IN  SNOW  (U) 
(Initial  Evaluation  of  a  New  Test  Technique) 
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U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 

Hanover,  N.H.  03755 


Introduction;  Snow  greatly  reduces  the  effectiveness  of  impact-fuzed 
projectiles.  In  order  to  obtain  maximum  effectiveness  in  a  winter 
battlefield  environment,  design  of  new  fuzes  and  evaluation  of  current 
equipment  requires  detailed  knowledge  of  the  snow  penetration  event. 
Fuze  performance  data  under  various  impact  conditions  can  be  obtained 
by  both  direct  and  reverse  ballistic  test  procedures  (1).  In  the 
direct  test  the  fuzed  projectile  is  subjected  to  realistic  launch 
accelerations,  but  the  test  presents  problems  in  accurately  locating 
the  point  of  impact  and  requires  telemetry  to  obtain  data  from  on¬ 
board  transducers.  The  reverse  ballistic  technique,  where  the  target 
is  fired  into  a  stationary  projectile,  has  the  advantage  of  allowing 
instrumentation  in  the  projectile  to  be  directly  wired  to  recording 
equipment.  However,  this  technique  is  difficult  to  utilize  with  snow 
since  this  material  cannot  sustain  the  high  acceleration  loads  in¬ 
volved. 

The  centrifugal  launch  method  that  was  used  to  conduct  the  tests 
discussed  here  is  unique  in  that  it  provides  advantages  normally  found 
in  both  techniques,  i.e.  sensors  in  the  projectile  can  be  directly 
wired  to  recording  equipment,  and  the  target  is  not  subjected  to  the 
acceleration  loads  experienced  in  the  reverse  ballistic  technique. 

The  point  of  impact  can  also  be  closely  controlled  using  the  centri¬ 
fugal  launch  technique. 

The  information  obtained  from  these  tests  consisted  of  measure¬ 
ments  of  the  deceleration  of  a  projectile  when  it  impacts  against  a 
snow  target.  The  deceleration  data  were  smoothed  using  a  low  pass 
digital  filter  and  integrated  to  obtain  depth  of  penetration.  This 
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1.  View  of  the  10.7-in  centrifuge  located  at 
Sandia  Laboratories,  Albuquerque,  N.M, 


2,  Close-up  view  of  instrumented  M524  fuze 
and  M374  81-mm  projectile. 


information  was  then  compared  with  a  modified  hydrodynamic  drag 
equation  (2)  that  has  been  used  to  describe  fuze  impact  into  both 
snow  and  mud.  Kovacs  (3)  and  Davis  (4)  also  used  similar  equations 
to  analyze  fuze  performance. 

Test  Procedure;  The  centrifuge  facility  utilized  for  these  tests 
(Fig.  1)  is  located  at  the  Sandia  Laboratories  in  Albuquerque, 
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3.  Preparation  of  the  snow  target. 


N. M.  Otts  (5)  presented  a  description  of  the  centrifuge  and  an 
example  of  its  use  as  an  impact  testing  machine.  It  has  a  10.7-iii 
radius  and  is  capable  of  subjecting  a  test  item  to  tangential 
velocities  up  to  164  m/s. 

An  inert  M374  81-mm  projectile  with  an  M524  fuze  was  used  in 
these  tests.  The  fuze  was  instrumented  by  replacing  the  striker 
and  explosive  train  with  a  piezoresistive  accelerometer  mounted 
on  an  aluminum  plug  (Fig.  2).  The  instrumentation  lead  was  run 
through  the  projectile  body  and  out  the  tall  section. 

Targets  made  from  both  snow  and  nylon  shavings  (a  candidate 
material  to  simulate  snow)  were  used  in  these  tests.  The  snow 
targets  were  prepared  by  sifting  snow  through  a  6-mm-mesh  screen 
into  610-mm-square  by  150-mm-deep  boxes  constructed  of  SO-mnt- 
thick  Styrofoam  (Fig,  3).  These  targets  were  then  aged  at  least 
24  hours  to  allow  the  snow  to  sinter.  Snow  densities  of  about 

O, 4  Mg/m^  were  obtained.  The  nylon  targets  were  prepared  by 
pouring  lO-mm-long  nylon  shavings  into  the  150-mm~deep  Styrofoam 
boxes.  A  piece  of  cheesecloth  was  placed  over  the  surface  of  the 
shavings  to  keep  them  in  place  when  the  box  was  turned  on  its 
side  for  the  test. 
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4.  Snow  target,  with  aluminum  foil  wind 
screen  in  place,  positioned  in  stand 
prior  to  test  event. 

The  target  boxes  were  placed  in  a  rigid  stand  located  on  a 
tangent  to  the  arc  made  by  the  centrifuge  arm  and  positioned  to 
insure  a  near  normal  impact  (Fig.  4).  An  aluminum  foil  wind 
screen  was  placed  150  ram  in  front  of  the  snow  targets  to  protect 
the  snow  surface  from  wind  damage.  Alternating  layers  of  Styro¬ 
foam  and  plywood  were  placed  behind  the  targets  to  stop  the 
projectile. 

The  instrumented  projectile  was  mounted  on  the  centrifuge  as 
shown  in  Fig.  5.  When  the  centrifuge  achieved  the  desired 
velocity,  the  projectile  was  released  so  that  it  impacted  the 
target.  The  accelerometer  output  was  amplified  and  recorded  on 
an  analog  tape  recorder.  The  frequency  response  of  this  system 
was  flat  to  5  kHz.  Data  were  obtained  for  impact  velocities 
ranging  from  15  ra/s  (50  ft/s)  to  91  m/s  (300  ft/s). 
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5.  Close-up  view  of  test  projectile  mounted  on 
centrifuge  arm.  Note  steel  cable  holding 
projectile  to  arm  and  explosive  cable  cutter 
used  for  projectile  release. 


Data  Reduction;  The  test  data  were  digitized  for  computer 
analysis  using  a  sampling  rate  of  20  kHz  which  was  high  enough  to 
avoid  aliasing  problems.*  Input  signals  of  known  acceleration 
values  were  used  to  calibrate  the  system. 

A  typical  acceleration  vs.  time  signal  for  a  snow  impact  at 
30  m/s  is  shown  in  Fig.  6.  Projectile  impacts  with  the  wind 
screen,  the  snow  surface,  and  the  barrier  behind  the  snow  target 
are  identified  in  the  figure.  The  travel  times  between  these 
impacts  were  used  to  verify  the  impact  identifications  given  in 
the  figure. 


^Aliasing,  defined  as  the  disguising  of  high  frequency  components  of 
a  signal  as  low  frequencies,  occurs  when  a  sampling  rate  which  is  too 
low  is  used  in  the  digitizing  procedure  (6,  7). 
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6.  Acceleration  vs.  time  data  for  30-m/s  impact  of  pro¬ 
jectile  into  0.39-Mg/m^  density  snow  target. 

This  signal  has  been  passed  through  a  zero  phase  low  pass 
digital  filter  with  a  cutoff  frequency  of  5  kHz,  corresponding  to 
the  bandwidth  of  the  analog  recording  equipment.  The  filter 
removes  any  high  frequency  noise  produced  by  the  digitizing 
process  (7)  without  introducing  any  time  shifts  to  the  signal. 
This  latter  property  of  the  filter  is  quite  important.  Computer 
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programs  to  apply  digital  Butterworth  filters  to  signals  are 
readily  available  (8).  However,  the^e  filters  will  Introduce  a 
frequency— dependent  phase  shift,  which  causes  the  output  signal 
to  be  delayed  in  time  by  an  amount  proportional  to  the  frequency 
of  each  component.  To  remove  the  phase  shift,  the  filter  was 
first  applied  to  the  signal,  obtaining  a  phase-shifted,  filtered 
output.  The  filter  output  was  then  reversed  and  the  signal 
passed  through  the  filter  again.  This  procedure  has  two  effects; 
a)  the  final  output  will  not  be  phase  (or  time)  shifted,  since 
the  phase  shift  caused  by  the  second  pass  will  be  the  negative  of 
the  phase  shift  caused  by  the  first  pass;  and  b)  the  final 
amplitude  response  of  the  filter  will  be  the  square  of  the 
amplitude  response  of  a  single  filter  operation.  After  filtering, 
however,  some  high  frequency  noise  superimposed  on  the  snow 
Impact  signal  is  still  visible.  This  noise  cannot  be  attributed 
to  the  digitizing  process  and  therefore  must  have  some  other 
physical  cause. 

A  possible  source  of  this  high  frequency  noise  is  resonant 
vibration  of  the  projectile.  A  test  was  conducted  to  ascertain 
whether  or  hot  the  resonant  frequency  of  the  projectile  was  of 
the  same  order  fas  the  high  frequency  noise  on  the  data  traces  by 
suspending  the?  iproj ectile  from  a  string  attached  to  its  tall  and 
then  tapping  ih  with  a  hammer.  The  output  from  the  accelerometer 
was  digitized  and  is  shown  in  Fig.  7.  The  amplitude  vs.  fre¬ 
quency  plot  obtained  from  the  Fourier  transfoirm  of  this  signal  is 
shown  in  Fig.  8.  The  peak  Amplitude  is  around  1.5  kHz,  with 
significant  amounts  of  power  located  at  frequencies  up  to  about 
3.5  kHz,  suggesting  that  resonant  vibration  of  the  projectile 
could  be  the  cause  of  the  noise  on  the  data  traces.  In  most 
cases,  it  was  found  that  a  low  pass  filter  with  a  cutoff  fre¬ 
quency  of  around  1.5  kHz  was  sufficient  to  remove  this  high 
frequency  noise .  For  the  higher  impact  velocities ,  however ,  the 
low  pass  filtering  procedure  did  not  give  usable  results  even  if 
a  lower  cutoff  frequency  was  used. 

The  poorer '  quality  of  the  data  at  higher  Impact  velocities 
is  due  to  two  factors.  First,  as  the  Impact  velocity  Increases, 
the  amplitude  of  the  resonant  vibrations  Increases ,  thereby 
decreasing  the  signal  to  noise  ratio.  This  effect  is  analogous 
to  increasing  the  force  of  the  hammer  blow  in  the  experiment 
discussed  above.  Second,  the  data  are  degraded  because  the 
impacting  time  interval  decreases  significantly.  For  a  given 
Impact  velocity,  V  ,  the  number  of  significant  data  points  N 
obtained  during  an° impact  with  a  target  of  thickness  d  is  limited 
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7.  Acceleration  vs.  time  response  of  test  projectile 
supported  by  a  string  after  hammer  impact. 

by  the  bandwidth  of  the  recording  instrument  B  and  is  given  by 


o 

For  this  experiment  B  =  5  kHz  and  d  =  0.15  m.  For  a  relatively 
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8.  Amplitude  vs,  frequency  curve  obtained 
using  hammer  input  data  in  Fig.  7 

low  impact  velocity  of  30  m/s,  N  is  25,  but  for  a  high  velocity 
of  90  m/s  the  number  of  data  points  is  reduced  to  only  8.  It  is 
difficult  to  accurately  define  the  deceleration  of  the  projectile 
with  only  8  data  points  available  for  the  event.  With  noise 
superimposed  on  the  signal,  accurate  measurement  of  the  decelera¬ 
tion  with  this  limited  number  of  data  points  becomes  impossible. 
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9.  Acceleration  vs.  depth-of-penetration  curves 
for  snow  at  various  impact  velocities. 

After  filtering  to  remove  the  noise,  the  deceleration  data 
were  integrated  to  obtain  curves  of  depth  of  penetration  as  a 
function  of  time.  The  penetration  vs.  time  data  and  the  original 
deceleration  vs.  time  data  were  then  used  to  construct  decelera- 
tion  vs.  penetration  curves  at  velocities  from  19  to  46  m/s 
(Fig.  9). 
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10.  Projectile  impacts  into  snow  and  nylon 
shaving  targets  at  30  m/s  (solid  line: 
snow;  dashed  line:  nylon  shavings). 

Analysis  of  Results:  As  shown  in  Fig.  9  approximately  the  first 
0.07  m  of  the  deceleration  vs.  penetration  curves  was  influenced 
by  the  resonant  vibration  of  the  projectile.  The  vibration  level 
was  relatively  high  during  that  part  of  the  penetration  event  and 
was  not  adequately  reduced  by  the  filtering  technique.  After  the 
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0.07-m  point,  the  data  appear  reasonable  and  show  a  linear 
increase  in  deceleration  with  increasing  penetration.  There  also 
seems  to  be  a  linear  trend  to  the  increase  with  impact  velocity. 

Data  from  representative  impacts  into  targets  constructed 
from  nylon  shavings  are  compared  with  snow  data  in  Fig.  10.  The 
nylon  material,  which  had  a  density  of  0.12  Mg/m^,  has  been  used 
by  the  USAF  to  simulate  snow  for  missile  nose  cone  impact  tests. 
Projectile  penetration  into  the  nylon  sample  is  characterized  by 
an  initial  increase  in  deceleration  (which  might  possibly  be 
attributed  to  the  projectile  resonance)  followed  by  a  period  with 
roughly  constant  deceleration.  As  shown,  this  is  different  from 
the  characteristic  shape  of  the  deceleration  vs.  penetration 
curve  for  snow.  However,  there  is  also  a  considerable  difference 
in  density  between  these  two  targets. 

A  hydrodynamic  drag  force  equation, 

f  - 1 

where 

F  =  drag  force  on  projectile, 

=  drag  coefficient, 
p  =  target  density, 

=  projectile  velocity,  and 
A  =  projectile  area, 

has  been  used  by  several  investigators  as  a  basis  for  determining 
fuze  performance  against  water,  snow,  or  mud  targets.  Kornhauser 
(2)  reported  that  eq.  2  produces  conservative  estimates  of  fuze 
performance,  i.e.  the  calculated  force  is  lower  than  the  actual 
force.  However,  he  did  not  have  access  to  any  test  data  against 
snow  targets  to  verify  his  hypothesis.  Kornhauser  also  stated 
that  when  calculating  forces  on  point  detonating  devices  the  drag 
coefficient  Cj)  should  be  1.  Equation  2  then  reduces  to  the 
equation  for  the  stagnation  pressure  for  a  body  traveling  in  a 
fluid  medium: 

F/A  =  I  p  vj  .  (3) 
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Comparison  of  predicted  vs .  measured  snow 
impact  data  (solid  line:  measured  values; 
dashed  line:  predicted  valu^)  . 


Data  from  impacts  into  snow  are  compared  with  predictions 
made  using  eq.  3  in  Fig.  11.  For  Ibw  velocities  (15-30  m/s), 
this  equation  predicts  a  lower  value  for  deceleration  than  was 
measured.  At  46  m/s,  there  is  close  agreement  between  the 
theoretical  and  the  measured  deceleration  values.  The  experimental 
data  above  this  velocity  are  severely  degraded  by  noise  but  were 
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used  to  estimate  deceleration  values.  These  estimated  values  are 
less  than  predicted  by  eq.  3. 

Conclusions :  The  centrifuge  technique  is  an  acceptable  method 

of  launching  instrumented  projectiles  and  has  the  capability  of 
providing  data  without  the  use  of  telemetry. 

For  snow,  the  data  presented  show  that  the  forces  on  a 
projectile  increase  as  projectile  impact  velocity  increases,  and 
that  this  relationship  is  approximately  linear. 

Projectiles  launched  into  targets  prepared  from  nylon 
shavings  undergo  much  less  deceleration  than  those  launched  into 
snow  targets . 

Hydrodynamic  theory  appears  to  agree  with  snow  test  results 
at  an  impact  velocity  of  46  m/s  but  deviates  from  measured 
decelerations  at  other  velocities. 

Reco™"endations ;  A  technique  (such  as  deconvolution)  should  be 
developed  to  eliminate  the  resonant  noise  from  the  data  signals 
so  that  tests  can  be  conducted  over  a  much  greater  velocity 
range. 

Future  tests  should  be  conducted  with  higher  bandwidth 
instrumentation  to  provide  sufficient  data  for  analysis  at  the 
higher  impact  velocities.  It  is  estimated  that  a  bandwidth  of  40 
]fH?;  would  be  adequate  for  impact  velocities  up  to  240  m/s. 

Future  testing  should  also  include  deeper  targets  so  that  a 
steady-state  penetration  condition  could  be  achieved.  This 
condition  would  also  be  facilitated  by  a  simpler  projectile  shape 
(i.e.,  cylindrical)  than  that  of  the  M374  projectile  used  here. 
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INTRODUCTION 

One  of  the  primary  concepts  proposed  for  basing  advanced 
ballistic  missile  systems  is  to  emplace  the  missile  in  a  buried  verti¬ 
cal  cylindrical  shelter.  Since  little  data  were  available  on  the 
response  of  vertically  oriented  cylinders  that  could  be  used  to  assess 
the  hardness  of  missile  silos,  a  field  test  program  was  conducted  by 
the  Structures  Laboratory  of  the  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES)  to  determine  the  response  to  failure  of  generic 
vertical  shelters  having  different  wall  construction  designs  and  sub¬ 
jected  to  the  effects  of  simulated  nuclear  surface  overpressure  load¬ 
ings.  Results  obtained  from  the  simulation  program  were  to  provide 
information  to  support  selection  and  design  of  prototype  vertical 
shelters. 


The  specific  objective  of  the  field  test  program  was  to  ob¬ 
tain  information  whereby  cylinder  wall  construction  designs  could  be 
ranked  as  to  their  survivability /vulnerability.  Thus,  with  such 
information,  the  cost  performance  of  the  various  designs  could  be 
determined  with  structural  hardness  a  major  consideration. 

This  paper  summarizes  the  results  of  three  dynamic  tests 
conducted  on  vertical  cylinders  in  a  dry  sand  with  wall  designs  con¬ 
sisting  of  plain  concrete  with  an  inner  liner,  plain  concrete  with 
shear  studs  and  an  inner  liner,  and  reinforced  concrete  without  an 
inner  liner.  Using  the  experimental  results  in  which  three  different 
wall  thicknesses  were  tested  for  each  design  and  considering  relative 
costs,  a  candidate  wall  design  for  the  vertical  shelters  is  presented. 
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TEST  PROCEDURES 

To  accomplish  the  objective  of  the  investigation,  three 
field  tests  utilizing  the  FOAM  High-feplosive  Simulation  Technique 
(FOAM  REST)  test  environment  were  conducted  at  the  Fort  Polk  Military 
Reservation  in  Louisiana,  site  of  previous  field  tests  conducted  by 
WES.  The  three  tests  were  identified  as  Dynamic  End  £n  Tests  (DEOT) 
in  which  three  cylinders  were  included  in  each  test  (Figure  1),  i.e. 
the  DEOT  1  cylinders  were  constructed  of  plain  concrete  with  steel 
inner  liners,  the  DEOT  2  cylinders  were  constructed  of  plain  concrete 
with  shear  studs  and  steel  inner  liners,  and  the  DEOT  3  cylinders  were 
constructed  of  reinforced  concrete  without  inner  liners.  The  scale- 
model  cylindrical  structures  had  a  0.61-metre  (2-foot)  Inside  diameter 
and  an  overall  length  of  1.83  metres  (6  feet).  The  only  construction 
variable  for  the  cylinders  in  a  specific  test  was  the  wall  thickness 
which  was  4.32,  7.11,  and  10.16  cm  (1.7,  2,8,  and  4.0  inches).  The 
end  caps  for  the  cylinders  consisted  of  a  steel  shell  filled  with  high- 
strength  concrete;  however,  the  end  caps  were  not  designed  to  be  test 
articles.  The  average  concrete  compressive  strength  of  the  cylinders 
on  test  day  was  44.0  MPa  (6,380  psi) . 

The  three  DEOT  test  beds  were  excavated  to  3.05  metres  (10 
feet)  deep,  the  structures  placed,  and  then  backfilled  with  clean,  dry 
sand.  After  a  test  bed  was  excavated,  circular  foundation  blocks  with 
hold  down  rods  were  placed  in  the  bottom  of  the  bed  on  preleveled  sur¬ 
faces.  The  vertical  cylinders  were  then  placed  on  their  foundations 
(Figure  2)  and  instrumentation  connections  made.  The  dry  sand  was 
placed  in  15.2-cm  (6-inch)  lifts  with  each  lift  receiving  three  vibra¬ 
tion  passes  (Figure  3)  to  obtain  the  desired  density  of  1681  kg/m^ 

(105  pcf) . 

During  the  tests,  electronic  measurements  were  made  to  obtain 
the  airblast  surface  overpressure,  vertical  soil  stress,  relative  ver¬ 
tical  deformation  of  certain  cylinders,  and  strain  in  the  concrete  of 
the  cylinder  walls.  The  strain  gages  were  mounted  either  vertically 
or  radially  at  locations  of  0.61  metres  (2  feet)  and  1.22  metres 
(4  feet)  from  the  top  of  the  cylinders. 

The  test  environment  was  generated  by  uniform  FOAM  HEST's 
over  the  test  bed  areas,  as  generally  shown  in  Figure  1.  An  11.4  cm 
(4.5  inch)  charge  cavity  was  filled  with  polystyrene  and  evenly  dis¬ 
tributed  strands  of  2.86-cm  (1-1/8-inch)  diameter  Iremlte  explosive. 

A  sand  overburden  of  0.81  meters  (32  Inches)  was  placed  over  the  ex¬ 
plosive  to  control  the  duration  of  the  pressure  pulse. 
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Figure  1.  DEOT  test  bed  layout  and  FOAM  REST  configuration 
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Figure  2.  Cylinders  placed  on  foundations 


Figure  3.  Backfill  around  cylinders 
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RESULTS  AND  DISCUSSION 

The  primary  results  obtained  during  this  test  series  include 
the  measured  airblast  pressure,  strain  in  the  cylinder  walls,  and 
posttest  structural  damage.  Discussion  herein  will  consider  these 
parameters  in  an  attempt  to  rank  the  construction  designs  as  to  their 
survivability /vulnerability. 

Test  Environment 

The  planned  pressure  levels  for  the  tests  were  17.2  MPa 
(2500  psi)  for  DEOT  1  and  27.6  MPa  (4000  psi)  for  DEOT  2  and  3.  It 
was  determined  that  the  average  peak  pressure  for  the  DEOT  1  test  was 
close  to  the  planned  pressure  and  was  16.1  MPa  (2339  psi);  the  weapon 
simulation  was  for  an  average  yield  of  13.24  TJ  (5.52  kt) .  For  DEOT  2 
the  average  peak  pressure  was  34.1  MPa  (4942  psi)  and  with  a  nuclear 
weapon  simulation  yield  of  56.16  TJ  (13.37  kt).  The  DEOT  3  average 
peak  pressure  was  somewhat  greater  than  DEOT  2  and  was  42.5  MPA 
(6209  psi);  the  average  weapon  simulation  yield  was  23.66  TJ  (3.02  kt) 
Typical  blast  pressure  curves  for  the  three  tests  are  shown  in  Fig¬ 
ure  4.  Although  the  average  peak  pressure  for  DEOT  3  was  approxi¬ 
mately  26  percent  greater  than  the  average  for  DEOT  2,  the  average 
impulse  at  10  msec  for  DEOT  3  Indicated  an  increase  of  only  12  percent 
greater  than  the  DEOT  2  average  impulse  at  this  same  time. 

Structural  Response 

Vertical  strain  plots  from  each  of  the  nine  cylinders  in  the 
three  DEOT  tests  are  shown  in  Figure  5.  These  strains  are  for  the 
vertical  gage  located  in  the  upper  portion  of  the  cylinders  and 
oriented  toward  the  detonation  side  of  the  test  beds.  As  shown  in 
Figure  5  for  the  DEOT  1  test  (plain  concrete  with  liner)  the  thinnest 
wall  cylinder  B.l.D  had  appreciably  more  compressive  strain  (2000 
yin/ in)  than  the  other  two  thicker  wall  cylinders  (1000  yin/in).  The 
two  cylinders  with  wall  thicknesses  of  7.11  and  10.16  cm  (2.8  and  4.0 
inches)  had  approximately  the  same  magnitude  of  compressive  strain. 

For  the  pressure  obtained,  this  response  infers  that  there  was  in¬ 
creased  resistance  by  increasing  the  wall  thickness  from  4.32  cm  (1.7 
inches)  to  7.11  cm  (2.8  inches)  but  there  appeared  to  be  little  addi¬ 
tional  resistance  obtained  by  increasing  the  wall  thickness  to 
10.16  cm  (4.0  inches). 

During  the  DEOT  2  test  on  similar  constructed  cylinders  as 
DEOT  1,  but  with  shear  studs,  the  compressive  strains  for  all  three 
cylinders  were  approximately  1600  yin/ in.  The  peak  pressure  for  this 
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DEOT  1;  PLAIN  CONCRETE  WITH  LINER 


DEOT  2;  PLAIN  CONCRETE  WITH  SHEAR  STUDS  AND  LINER 


DEOT  3:  REINFORCED  CONCRETE  WITHOUT  LINER 


Figure  5. 


Vertical  strain  comparison  for  DEOT  cylinders 

\ 
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test  was  approximately  2,1  times  as  great  as  that  for  DEOT  1.  The 
fact  that  all  three  cylinders  of  DEOT  2  registered  approximately  the 
same  strain  is  believed  to  be  due  to  the  liner,  acting  along  with  the 
shear  studs,  carrying  most  of  the  load.  Cylinder  C.2.D  (middle  cyl¬ 
inder)  does  register  more  tensile  strain  than  the  other  two  cylinders 
in  the  test  and  this  was  due  to  a  buckle  in  the  liner  occurring  at 
approximately  the  same  location  as  the  strain  gage. 

For  the  reinforced  concrete  cylinders  of  DEOT  3,  the  peak 
pressure  was  approximately  2.7  times  as  great  as  that  for  DEOT  1. 
During  this  test,  the  peak  strains  were  approximately  2800  yin/in, 
2600  yin/in,  and  2200  yin/in,  respectively,  for  the  thin,  middle,  and 
thick  cylinders.  Thus,  there  did  not  appear  to  be  any  substantial 
decrease  in  the  cylinder  wall  strain  level  by  increasing  the  wall 
thickness  by  factors  of  1.6  and  2.4. 

It  is  interesting  to  compare  cylinders  with  the  same  wall 
thickness  for  the  DEOT  tests.  The  comparison  will  be  for  the  three 
thinnest  cylinders  as  they  incurred  various  levels  of  damage.  The 
peak  strain  levels  for  the  cylinders  are: 


Test 

Cylinder 

Peak 

Pressure 

Peak 

No. 

No. 

Pressure 

Ratio 

Strain 

DEOT  1 

B.l.D 

2339  psi 

1.0 

2000  yin/ in 

DEOT  2 

C.l.D 

4942  psi 

2.1 

1600  yin/in 

DEOT  3 

G.l.D 

6209  psi 

2.7 

2800  yin/in 

These  results  show  that  with  an  increase  in  peak  pressure  by  a  factor 
of  2.1  for  DEOT  2  with  respect  to  DEOT  1  there  was  a  decrease  in  peak 
strain  from  2000  yin/in  to  1600  yin/in.  For  DEOT  3,  the  peak  pressure 
increased  by  a  factor  of  2.7  over  DEOT  1  and  there  was  an  increase  in 
peak  strain  from  2000  yin/in  to  2800  yin/in.  Thus,  based  on  the 
strain  behavior  of  these  three  cylinders  with  different  wall  designs, 
it  appears  that  the  cylinder  constructed  of  plain  concrete  with  shear 
studs  and  an  inner  liner  was  more  resistant  to  dynamic  loading  than 
cylinders  with  other  wall  design  features. 

Structural  Damage 

After  the  DEOT  1  test,  the  sand  on  top  of  the  cylinders  end 
caps  was  removed  and  this  permitted  measuring  the  displacement  of  the 
cylinders  relative  to  the  nuts  on  the  hold  down  rods.  The  thinnest 
cylinder  B.l.D  appeared  to  have  been  displaced  downward  approximately 
1.91  cm  (3/4-inch).  The  other  two  cylinders  did  not  appear  to  have 
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moved  relative  to  the  nuts,  although  the  nuts  were  loose.  The  sand 
backfill  was  excavated  from  around  the  cylinders  in  order  to  conduct 
a  posttest  examination  of  any  damage.  Posttest  check  of  the  cylinders 
length  indicated  only  that  the  thinnest  cylinder  had  shortened  1.91  cm 
(3/4-inch).  Posttest  views  of  damage  to  cylinder  B.l.D  are  shown  in 
Figure  6  after  removing  the  cylinder  from  the  test  bed.  Damage  had 
occurred  completely  around  the  outside  of  this  cylinder  and  the  liner 
inside  was  also  damaged  and  showed  ripples  at  approximately  the  same 
location  at  which  the  concrete  was  crushed.  Both  of  the  thicker  cyl¬ 
inders  in  the  DEOT  1  test  incurred  negligible  damage. 

Posttest  check  of  the  length  change  of  each  cylinder  in  the 
DEOT  2  test  indicated  that  the  thinnest  cylinder  had  been  displaced 
5.08  cm  (2  inches),  the  middle  cylinder  had  been  displaced  0.32-cm 
(1/8-inch),  and  there  was  no  apparent  displacement  of  the  thickest 
cylinder.  The  thinnest  cylinder,  C.l.D,  was  found  to  have  circum¬ 
ferential  cracks  near  the  top  on  the  exterior.  The  other  two  cyl¬ 
inders  had  negligible  cracks  on  the  exterior.  However,  the  inner 
liner  and  concrete  of  the  thinnest  cylinder  was  displaced  at  the  cyl¬ 
inder  top  (Figure  7).  The  middle  cylinder,  C.2.D,  appeared  to  have  a 
slight  ripple  of  the  liner  at  approximately  one-fourth  of  the  height 
from  the  top  on  the  detonation  side.  There  did  not  appear  to  be  any 
damage  to  the  interior  of  the  thickest  cylinder,  C.3.D. 

Posttest  check  of  the  DEOT  3  cylinders  indicated  a  length 
change  of  9.53,  2.54,  and  0.64  cm  (3-3/4,  1,  and  1/4  inch),  respec¬ 
tively,  for  the  thinnest,  middle,  and  thickest  cylinder.  The  thinnest 
cylinder,  G.l.D,  had  a  vertical  crack  on  the  exterior  which  was  wide 
and  open  completely  through  the  cylinder.  The  middle  cylinder,  F.2.D, 
showed  some  exterior  crushing  below  the  top  and  some  circixmferential 
spalling  at  approximately  midheight.  There  was  also  some  cracking 
below  the  top  exterior  for  the  thickest  cylinder,  F.3.D.  Post test 
views  of  damage  to  the  interior  of  each  cylinder  are  shown  in  Fig¬ 
ures  8  through  10.  Damage  to  these  cylinders  was  more  drastic  on  the 
inside  with  considerable  crushing  and  spalling  at  the  cylinder  top 
portion.  The  overall  damage  to  the  DEOT  3  reinforced  concrete  cyl¬ 
inders  was  much  greater  than  that  observed  for  the  DEOT  1  and  2  cyl¬ 
inders  with  inner  liners. 

Relative  Cost  Comparison 

In  addition  to  structural  response  and  damage,  it  is  inter¬ 
esting  to  compare  the  relative  material  and  construction  costs  of  the 
three  different  designs  for  prototype  cylinders  similar  to  those 
tested  in  this  program.  Actual  dollar  amounts  for  the  costs  will  not 
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Figure  6.  Damage  to  cylinder  B.l.D  (t  =  1.7  in.)  during  DEOT  1  test 
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Figure  7.  Damage  to  interior  of  cylinder  C.l.D  (t  =  1.7  in.)  during 

DEOT  2  test 


Figure  8*  Damage  to  interior  of  cylinder  G.l.D  (t  —  1.7  in.)  during 

DEOT  3  test 
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be  presented;  however,  a  cost  index  will  be  used  whereby  the  cost  of 
each  design  is  normalized  by  the  least  cost  of  the  three.  Tlie  cost 
index  was  prepared  for  the  middle  cylinder  thickness  (baseline  design) . 
The  estimated  cost  index  for  prototype  cylinder  materials  and  construc¬ 
tion  including  necessary  interior  and  exterior  construction  forms  is 
given  as  follows: 


Estimated 
Cost  Index 


Reinforced  concrete  without  steel  liner 

Plain  concrete  with  steel  liner 

Plain  concrete  with  steel  liner  and  shear  studs 


1.00 

1.37 

1.42 


As  shown  in  the  cost  index,  the  reinforced  concrete  construction  with¬ 
out  a  steel  liner  is  the  least  cost  method.  Construction  cost  with  a 
Steel  liner  is  approximately  1/3  more  than  the  reinforced  case,  and  it 
should  be  noted  that  the  addition  of  shear  studs  does  not  appreciably 
change  the  cost  index. 


CONCLUSIONS 

1.  The  middle  cylinders  (baseline  design)  appeared  to  have 
less  structural  damage  than  the  thinner  cylinders  and  there  did  not 
appear  to  be  any  significant  increase  in  structural  resistance  by  in¬ 
creasing  the  wall  thickness  over  the  baseline  thickness  for  the  over- 
pressure  ranges  of  these  tests. 

2.  Damage  to  the  lined  cylinders  did  not  appear  to  be  as 
severe  as  the  unlined  cylinders,  i.e.  internal  spalling  of  concrete 
was  almost  negligible. 

3.  The  results  indicate  that  plain  concrete  cylinders  with 
inner  steel  liners  and  shear  studs  were  more  resistant  to  dynamic  load¬ 
ing  than  reinforced  concrete  cylinders  without  internal  liners. 

4.  Although  the  cost  of  material  and  construction  for  the 
concrete  cylinder  with  steel  liners  and  studs  was  approximately  40  per¬ 
cent  greater  than  that  for  reinforced  concrete  cylinders,  the  lined 
cylinder  with  studs  was  proportionately  more  resistant  to  dynamic  loads 

5.  The  results  of  this  field  test  program  have  shown  that 
the  FOAM  REST  test  environment  procedure  provides  an  acceptable  simu¬ 
lation  technique  and  was  relatively  inexpensive  to  conduct. 
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FREQUENCY  DIVERSE  TRACKING/ GUIDANCE  MILLIMETER 
RADAR  ADAPTED  TO  TARGET  ACQUISITION 


P,  MARTIN  ALEXANDER,  PhD 
US  ARMY  MISSILE  COMMAND 
REDSTONE  ARSENAL >  ALABAMA  35809 


I.  INTRODUCTION 

Millimeter  wave  radar  fire  control  for  ground-to-ground  tactical 
weapons  provides  a  compromise  between  the  resolution  offered  by  electro- 
optical  and  infrared  systems  and  the  adverse  environment  (fog,  battle¬ 
field  smokes)  penetrability  which  is  characteristic  of  microwave 
systems.  The  effectiveness  of  millimeter  sensors  would  be  greatly 
enhanced  if  they  could  also  be  used  to  classify  radar  returns  resulting 
from  clutter,  tanks,  personnel  carriers,  etc.,  and  particularly  from 
stationary  targets. 

Missile  fire  control  requires  accurate  target  location,  and, 
as  a  result  ,  the  use  of  frequency  diversity  has  been  investigated 
as  a  method  of  angle  noise  (glint)  reduction  to  improve  centroid 
tracking  (1),  (2),  (3).  Frequency  diversity  has  more  recently  been 
examined  as  a  tool  for  target  acquisition  (i.e. ,  detection  and  classifi¬ 
cation)  (4),  (5),  (6),  (7),  (8). 

The  detection/classification  technique  is  based  on:  (1)  the 
fact  that,  in  general,  targets  and  clutter  consist  of  separate,  indivi¬ 
dual  reflectors  distributed  in  range;  and  (2)  the  fact  that  the  radar 
returns  from  any  pair  of  reflectors  will  constructively  or  destructively 
interfere,  depending  on  their  separation  in  radar  range  and  on  the 
transmitted  frequency.  Thus,  the  basic  measurement  used  in  the  acqui¬ 
sition  technique  is  the  radar  response  as  a  function  of  transmitted 
frequency. 

It  is  hypothesized  that  the  spacing  in  range  for  natural  objects 
is  more  random  than  for  manmade  objects  and,  further,  that  manmade 
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objects  have  unique  range  spacings  allowing  discrimination  of  object 
classes.  With  this  hypothesis,  an  analysis  of  frequency  diverse 
radar  returns  is  developed.  The  analysis  is  constrained  by  practical 
radar  design  parameters  for  a  state-of-the-art,  coherent,  142  GHz 
experimental  radar,  so  that  the  analytical  results  can  be  experimentally 
tested.  The  analysis  is  also  constrained  to  stationary  targets  and 
clutter. 

Computer  simulations  are  presented  for  a  two-reflector  target 
model  and  a  three-reflector  target  model,  and  the  analysis  is  extended 
to  complications  resulting  from  a  chirped  waveform.  The  applicability 
of  the  technique  to  real  targets  and  clutter  is  considered.  The 
parameters  used  for  the  analysis  are:  (1)  a  3.0  microsecond  pulse; 

(2)  a  640  MHz  frequency  diverse  bandwidth  beginning  at  142  GHz;  (3) 
thirty-two  frequency  steps  of  20  MHz  for  data  acquisition;  and  (4) 
a  linear  frequency  modulated  chirp  of  20  MHz  for  each  pulse. 

II.  TWO-REFLECTOR  TARGET  MODEL 

In  the  monostatic  radar  scenario  depicted  in  Figure  1,  the  vertical, 
linearly  polarized  electric  field  incident  on  the  i*^  reflector  can 
be  written 

gj  .  Bo  cos  [[2ir£(t-t^/2)] 

ti72  <  t  iti/2  +  T 

where:  f  =  radar  frequency, 

ti  *  round  trip  echo  time  =  2Ri/c,  and 
T  =  transmitted  pulse  length. 

The  echo,  the  electric  field  returned  from  the  i*"^  reflector,  at  the 
receiver  is  given  approximately  by 

C08[^f(t-tj^)1  ti^t<t£  +  T  (2) 

where  is  the  radar  cross  section  (RCS)  of  the  reflector  for  vertical 
transmit  and  receive.  Implicit  in  Equation  (2)  are  the  assumptions 
that  the  target  is  stationary,  that  the  target  reflectors  are  in 
the  far-field  of  the  radar,  and  that  the  radar  is  in  the  far- fie Id 
of  the  reflectors.  For  antenna  aperture  D  and  characterisltic  reflector 
dimension  a,  the  far-field  region  (Fraunhofer  region)  is  given  by 

R^>2a^/A  (for  all  R^)  (3) 
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TARGET 


Figure  1.  Radar/Target  Scenario. 


Region  1  Region  3 


Figure  2.  Arrival  of  pulses  from  Tvo  Reflectors 
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where  A  is  the  transmitted  wavelength. 

It  shall  also  be  assumed  for  this  analysis  that  (optical 

region),  and  that  the  RCS  of  the  reflectors  vary  as  ^2  ^  as  for  flat 
plates  and  corner  reflectors. 


For  two  reflecting  centers  on  a  target,  the  electric  field  strength 
at  the  antenna  is 


e'  -  eJ  +  e| 


(4) 


Figure  2  characterizes  the  arrival  of  the  pulses  at  the  antenna.  In 
Region  2,  the  pulses  overlap,  resulting  in  constructive  or  destructive 
interference,  depending  on  the  relative  phase.  The  electric  field 
amplitude  is  given  approximately  by 

r— —  A  ^ 

E^  -  Jo_  [jTj  +  <T2  +  «Ti«r2  cos(  ^  (5) 

Air  R^ 

R*i(Rl‘4R2)  AR«R 

After  square-law  detection,  the  output  signal  voltage  can  be 
written 

Vg  ^  A  +  Oj  +  C08(|2fAR)]  (6) 

where  A  is  a  constant.  It  is  variation  in  this  voltage  due  to  changes 
in  f  that  is  th^  intended  target  signature.  The  dependence  of  RCS  on 
frequency  is  taken  to  be  insignificant.  For  a  frequency  diverse  band¬ 
width  of  1%,  RCS ^will  monotonically  increase  by  2%  over  the  bandwidth. 
The  signal  of  interest,  however,  is  the  sinusoidal  variation  llue  to  the 
cosine  factor.  j 

The  video  signal  can  be  processed  by  either  detecting!  the  peak 
voltage  or  by  integrating  over  the  combined  pulses;  the  signal  dynamic 
range  will  depend  on  which  method  is  used.  Considering  Figure  2,  and 
assuming  cri>(r2  >  it  is  seen  that,  for  detecting  the  peak  voltage, 

A‘^l^V<A(<yj^  +  Oj  +  2  .  ^7) 

If  the  dynamic  range,  DR,  is  defined  as  the  ratio  of  the  maximum  value 
to  the  minimum  value,  then 
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DR  =  (1  +  ,  (8) 

this  ratio  being  independent  of  the  amount  of  pulse  overlap. 

The  dynamic  range  for  the  integrated  pulse  case  does,  however, 
depend  on  the  overlap; 

®1  **^2  ^  (i-At/x) 

DR  -  — - ; - - •  (9) 

+  ©2  -  2 At /T) 

For  complete  overlap, 

nZ 


DR  = 


1  4-  J  Oj/CTj^ 


U-  - 

which  is  larger  than  DR  given  In  Equation  (8).  For  O’!  *  when 
At  >  2T/5  ,  sampling  the  peak  voltage  gives  a  larger  dynamic  range; 

for  At<2T/5  ,  integration  is  better.  In  this  analysis  it  is  assumed 

that  the  pulse  overlap  is  always  large  enough  to  make  pulse  integration 
advantageous,  i.e..  At  s  2AR/c^T« 


(10) 


The  integrated  signal  voltage  is  then 

V  •  A  [(«^i  +  ^  4<rj<r2  (T  -  2AR/c)  cos  (^f  A®^  (11) 

Equation  (11)  was  used  in  a  computer  simulation  in  which  the  frequency 
was  stepped  in  thirty-two  20  MHz  increments  over  a  640  MHz  bandwidth 
beginning  at  142  GHz.  These  numbers  were  chosen  to  assess  the  value  of 
adding  automatic  frequency  diversity  to  a  142  GHz  coherent  radar  cur¬ 
rently  being  tested  by  the  US  Anty  Missile  Laboratory.  The  radar  pulse 
is  linearly  chirped  (20  MHz  bandwidth),  so  a  20  MHz  increment  was  chosen 
for  this  analysis  to  assure  no  frequency  overlap.  The  voltage  was 
normalized  by  dividing  by  the  largest  possible  value. 

The  simulation  for  the  two-reflector  case  was  designed  to  show: 
(1)  how  large®l/02  before  the  effect  is  unmeasurable;  and  (2) 

how  large  or  smalls  may  be  before  the  effect  is  ambiguous  or  unmeasur¬ 
able. 


Figure  3  provides  a  reference  amplitude-frequency  pattern  in 
which  <rj=<r2  andAR=1.0  meter.  A  little  over  four  complete  oscillations 
can  be  observed,  with  every  other  peak  being  clipped  due  to  the  rela¬ 
tively  few  number  of  samples  taken.  Voltage  variations  are  +  100%  of 
the  average. 
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Figure  3.  «rj/o2*l»  Renge  Separation  ■  1,0  meter. 


PLOT  OP  NORHRLIZEP  VOLTRBE 
VERSUS  PREBUEHOf  . 

PULSE  HIPTHw  3  HICRO  SEC 
OELTR  Ro  I  PETERS 


S|BRR^I«  ISO  SaURRE  METERS 
S|BttR-3»  S.J  SaUHRE  METERS 


Figure  4.  o./oo-l.OOO,  Range  Separation  «  1.0  meter 
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In  Figure  4,  the  simulation  shows  a  significant  voltage  varia¬ 
tion  for  one  reflector  RCS  being  1,000  times  larger  than  the  other. 
Ratios  of  10,  100,  and  1,000  give  voltage  variations  of  +  57%  (5.7  dB), 
+  20%  (1.8  dB),  and  +  6.3%  (0.5  dB)  respectively.  Clearly,  the 
detectability  of  a  weak  reflector  in  the  presence  of  a  large  one  is 
limited  by  radar  system  fluctuations,  multipath,  atmospheric  effects, 
etc.  Note  especially  that  multipath  may  cause  severe  problems. 

Considering  different  range  separations,  in  the  limit  of  small 
AR,  the  voltage  variation  goes  to  zero.  If  it  is  established,  for 
example,  that  at  least  one-half  cycle  must  be  observable  over  the  band¬ 
width,  then  the  minimum  reflector  separation  which  provides  a  usable 
signal  is  about  0.1  meter.  This  case  is  shown  in  Figure  5. 

The  maximum  ivR  giving  an  unambiguous  signal  is  determined  by  the 
number  of  sampled  points  over  the  (fixed)  bandwidth.  At  large  A  R, 
there  are  so  many  cycles  over  the  bandwidth  that  the  frequency  step 
size  does  not  provide  enough  resolution.  Applying  the  Nyquist  sampling 
theorem  for  the  case  of  20  MHz  frequency  steps,  one  obtains  a  maximum 
allowable  AR  of  3.75  meters.  This  maximum  is  not  unreasonable  for 
vehicle  reflector  separations,  but  if  two  separate  targets,  or  perhaps 
one  target  and  strong  clutter,  are  illuminated  by  the  radar  beam,  then 
ambiguities  may  occur.  Figure  6  shows  that  the  pattern  for  a  range 
separation  of  6.5  meters  is  the  same  as  for  1.0  meter,  due  to  the 
aliasing  effect. 

III.  THREE-REFLECTOR  TARGET  MODEL 

If  a  similar  analysis  is  applied  to  a  three-reflector  target, 
again  integrating  the  total  received  pulse,  the  signal  voltage  is 
found  to  be 

V  -  A  [((Tj  +  +  0-3)1 

r—  4.  (12) 

+  2  (T  -  2AR12/C)  C08(^f  ARjj) 

+  2  >|«rjO-3  (T  -  2Ar^^/c)  cosC^fARjj) 

+  2\ftf^(T  -  2AR23/C)  cos(|if  AR23)] 

where  AR^j®  jRj-R^  |  .  The  extension  to  many  reflectors  is 
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clear;  there  will  be  a  sinusoidal  variation  for  each  pair  of  reflectors 
on  the  target. 


In  Figures  7  and  8,  the  parameters  have  been  chosen  to  demon¬ 
strate  the  complex  signatures  resulting  from  three  reflectors.  Possible 
discrimination  algorithms  involve  using  such  parameters  as  number  of 
peaks,  peak  height  ratios,  etc.  However,  the  total  signature  informa¬ 
tion  content  is  contained  in  the  "spectral  content'* of  the  voltage 
versus  frequency  plot.  It  would  seem  appropriate  to  obtain  the  finite 
(discrete)  Fourier  transform  of  the  data;  then,  being  wary  of  possible 
aliasing,  apply  classification  algorithms  to  this  spectrum. 


IV.  THE  EFFECT  OF  CHIRP 

The  analysis  of  Section  II  (two-reflectors)  is  now  complicated 
by  the  inclusion  of  a  linear  FH  chirp  of  20  MHz  applied  to  each  pulse. 
The  instantaneous  frequency,  £j,  of  a  given  pulse  is  described  by 


f  +  Y  ‘ 


0^t£T, 


(13) 


where  f  is  the  nominal  frequency  for  a  given  frequency  step,  and  B  is' 
the  chirp  bandwidth  (20  MHz).  The  phase  of  the  electric  field  inten¬ 
sity  is  then 

For  simplicity  of  analysis,  the  t~0  point  is  chosen  to  be  when  the 
pulse  returned  by  the  nearest  reflector  reaches  the  receiver: 


*1  “  >1^  cos(2f  ft  +  »  if- 1*) 


Os:  tiiT 


4irRt 


E*  -  4^  *  At)  4-  ¥  (t  -  At)*J 


(15) 


(16) 


4t  R2 


AtStlT4-At. 

The  amplitude  of  the  square  law  detected  voltage  during  pulse  overlap' 


IS 


A  Oi  + 


(17) 


+  4 


4^!®^  cos  (^fAR 


%  •(AR)*/c*T  +  I*  ^ARC)j, 
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Figure  7«  Three  Reflector  Simulation 


purr  BP  MBimnLIBCO  VBLTBBC 
VCB8UB  PRCOUCNOr 
Ptn.BC  NJPTH«  a  HI  CRB  SCC 
PCLTfl  |ICl*-a2»  B.  1  KCTCHS 
ocLTH  Bci-a^*  1.1  nrrcfiB 


pcLTH  Rca-a;*  t  nrrcRB 
SIGHH-I*  IBB  saUHRC  RnCRS 
IBB  SBUHRC  RCTCRB 
SlBRH-a*  IB  anUHRC  RCTCRS 


ALEXANDER 


Examining  the  phase  of  the  cos  me  j  it  is  seen  that*  the  first 
term  is  the  same  frequency  dependent  factor  as  in  Equation  (6);  the 
second  term  is  a  constant  independent  of  frequency  and  time;  and  the 
third  term  is  a  time  dependent  phase  factor  which  is  not  a  function 
of  frequency. 

Using  the  radar  parameters  and AR=5  meters,  the  second  term 
gives  a  phase  shift  of  0.02  or  (0.004(2ir))  radians,  which  is  negligible. 
Dropping  this  term  and  integrating  with  respect  to  time  over  the  total 
pulse  gives 

V  -  A  [(<T1  +  <T2)'r  +  C  2  Jo-jOj  (T  -  2Ar/c)  co8(|ttfAR  +  (18) 

C  -  £2-2  cosgt  bAR(1  -  2Ar/ct5J^|iLbAR(1  -  2AR/cT) 
tan  ©  -  co8(|!^bAR)  -  cos  |8|,B( AR)2/c2t] 

sln(^BAR)  -  sin  [8sB(AR)*/c*t]  (20) 

Comparing  Equation  (18)  to  Equation  (11),  one  sees  that  the 
only  differences  are  the  additional  phase  angle  0  and  the  amplitude 
factor  C,  both  of  which  are  independent  of  the  nominal  frequency.  The 
effect  of  0  is  to  merely  shift  the  amplitude  versus  frequency  pattern. 

The  amplitude  factor  C,  however,  can  be  small,  resulting  in  insuf¬ 
ficient  sinusoidal  variations.  The  amplitude  factor  is  of  the  form 

C  «  Jz  -  2  cos  X  / X  ,  (21) 

and  the  general  characteristics  of  this  function  are  shown  in  Figure  9. 
For  the  radar  parameters  chosen  for  this  analysis,  at  AR=1  meter,  C=.97. 
For AR*3  meters,  C=.76,  which  results  in  about  a  IdB  loss  in  the  sinu¬ 
soidal  variation.  The  net  effect  of  the  chirp  is  a  small  reduction  in 
signal  variation  for  large  separations  between  reflectors.  Incident¬ 
ally,  the  analysis  shows  that,  for  typical  IMP ATT  diode  characteristics 
(B=500  MHz,  assumed  linear,  T=50  ns),  the  effects  of  glint  due  to 
interference  are  reduced  to  less  than  25%  for  reflector  separations 
larger  than  about  0.3  meter. 

V.  APPLICABILITY  TO  REAL  TARGETS  AND  CLUTTER 

While  this  paper  is  intended  primarily  to  assess  the  feas¬ 
ibility  of  preliminary  testing  with  simple  targets,  it  is  imperative 
that  the  technique  be  evaluated  for  real  targets  and  clutter.  In  the 
model  presented  here,  manmade  targets  are  characterized  by  six  and 
eight  major  reflectors,  representing  a  tank  and  an  armored  personnel 
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Fiture  9.  Aiqplltude  Factor  for  a  Chirped  Wavefora. 

carrier  respectively.  A  clutter  patch  of  ten  major  reflectors  repre¬ 
senting  a  tree  line  is  chosen  for  comparison. 

From  Equation  (12),  it  is  seen  that  each  pair  of  reflectors 
provides  a  contribution  to  the  Fourier  transform  of  the  data  given 

F^j  -  2  A  ^0^  (T  -  2ARjj/c)  cos  [iZir  (2ARij/c)  f]  (22) 

Thus,  assuming  infinite  resolution  in  the  Fourier  transform  or  "fre¬ 
quency**  domain,  each  pair  of  reflectors  creates  a  spike  of  amplitude 

hi  -  2A  (T-  2Ar^j/c)  (23) 

at  a  ’‘frequency**  of 

f ^  •  2  ARjj/c  (24) 

The  number  of  contributions  to  the  Fourier  transform  domain  increases 
in  an  arithmetic  series  with  the  number  of  reflectors,  although  pairs 
with  equal  range  separation  contribute  to  the  same  spike.  For  n 
reflectors,  there  are  %  n(ii»l)  contributing  pairs. 

Figure  10  shows  the  simulated  Fourier  transform  spectra  for 
models  of  a  clutter  patch,  a  tank,  and  an  armored  personnel  carrier 
(APC).  A  128  sample  Fourier  transform  was  used,  allowing  range 
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Figure  10s.  Clutter  Model 


Figure  10c.  AFC  Model 


Figure  10.  Fourier  Domain  Simulation. 
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separations  up  to  15m  without  aliasing. 

For  the  clutter,  the  model  consisted  of  a  patch  of  ten  trees 
randomly  distributed  over  a  10  meter  deep  cell  and  having  radar  cross 
sections  of  2,  5,  and  lOsm.  For  the  tank  model,  five  equally  spaced 
road  wheels  (lOsm'iand  a  turret  reflector  (lOOsm)  were  used.  The  APC 
model  consisted  of  six  equally  spaced  road  wheels  (5sm)  and  two  drive 
sprockets  (2sm,  lOsm). 

The  conclusion  drawn  from  the  simulation  is  that  the  S3nnmetry 
and  periodicity  inherent  in  manmade  targets  distinguishes  them  from 
random  natural  clutter  and  from  each  other.  Clearly,  spikes  of  the 
same  amplitude,  spikes  whose  amplitudes  are  multiples  of  others,  and 
uniform  spacing  between  spikes  are  telltale  signs  of  manmade  targets. 

VI.  CONCLUSIONS 

The  analysis  shows  that  the  frequency  diversity  (frequency 
stepping)  introduced  into  radar  systems  to  reduce  glint  has  a  potential 
application  to  target/clutter  discrimination  and  target  classification 
for  stationary  targets.  At  a  simplistic  level  of  implementation,  an 
experienced  operator  looking  at  the  amplitude-frequency  pattern  could 
estimate  the  approximate  size  of  a  target.  A  sophisticated  implementa¬ 
tion  would  include  microprocessor  memory  storage  of  Fourier  transforms 
of  target  returns  at  various  aspect  angles  to  be  automatically  compar¬ 
ed  with  the  transform  of  an  unknown  response.  The  practical  problems 
of  implementation  are  the  choice  of  diversity  bandwidth  (within  limits) 
and  the  choice  of  frequency  step  size  which  will  result  in  statisti¬ 
cally  significant  Fourier  components  for  reasonably  large  target  or 
target-in-clutter  data  sets. 

With  respect  to  sampling,  the  analysis  shows  the  desirability 
of  increasing  the  number  of  frequency  steps  to  64  or  128.  Using  powers 
of  two  simplifies  the  frequency  control  circuit  and  allows  data  proces¬ 
sing  via  the  fast  Fourier  transform.  Increasing  the  number  of  sampling 
points  improves  resolution  in  the  transform  "frequency  domain"  and 
increases  the  maximum  allowable  reflector  separation.  The  smaller 
beamwidth  of  the  millimeter  radar  also  tends  to  reduce  aliasing 
possibilities  and  clutter  problems.  Results  from  the  three-reflector 
target  model  indicate  that  the  most  expedient  data  processing  involves 
taking  the  discrete  Fourier  transforms  of  the  amplitude-frequency 
patterns.  Classification  algorithms  would  then  be  applied  to  these 
transform  spectra. 
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The  result  of  using  a  moderately  chirped  waveform  was  found  to 
be  some  signal  degradation,  particularly  at  larger  reflector  separa¬ 
tions.  This  result  is  not  altogether  disadvantageous,  since  ambiguous 
aliased  signals  tend  to  be  reduced.  However,  an  increase  in  frequency 
steps  implies  a  decrease  in  step  size  (fixed  diversity  bandwidth),  and 
a  chirp  bandwidth  larger  that  the  frequency  step  will  degrade  signal 
resolution.  It  is  recommended  that  the  chirp  not  be  used  and  that 
coherent  integration  of  pulses  be  used  to  enhance  interference  effects 
over  other  fluctuations  which  are  frequency  independent. 

As  a  final  note,  it  should  be  pointed  out  that  the  complications 
inherent  in  classifying  a  moving  target  using  this  technique  have  not 
been  considered.  One  might  suspect,  assuming  that  each  reflector  has 
the  same  radial  velocity,  that  only  a  constant  phase  shift  in  the 
amplitude-frequency  pattern  would  result.  However,  the  complexities 
in  signal  amplitude  variations  due  to  target  aspect  angle  changes  and 
due  to  conical  scan  or  monopulse  tracking  must  also  be  considered. 
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The  Army  has  been  developing  a  minimum  signature  propellant 
motor  for  an  improved  CHAPARRAL  air  defense  weapon  system  since  1975. 

As  part  of  validation  and  qualification,  the  motor  was  subjected  to 
a  diurnal  temperature  cycling  test  during  FY78  to  simulate  field 
temperature  storage  conditions.  The  special  cycling  test  consisted 
of  30  cycles  of  24  hours  each  from  283 (50®F)  to  347 (165 ®F) 
followed  by  30  cycles  of  24  hours  each  from  283 °K  to  219 (-65 °F)  • 
Inspection  of  smokeless  CHAPARRAL  motors  after  30  cold  cycles  revealed 
severe  propellant  grain  cracking  that,  because  of  the  increased  burning 
surface,  could  result  in  catastrophic  motor  failure  upon  firing.  This 
type  of  grain  failure,  with  randomly  located  cracks,  had  not  previously 
been  found  in  other  minimum  signature  propellants  under  development  or 
in  conventional  double— base  propellants  used  in  Army  tactical  missiles. 

Because  of  the  uniqueness  and  seriousness  of  the  problem, 
and  its  potential  impact  on  production  of  the  CH^ARRAL  minimum  signa¬ 
ture  propellant  motor,  an  intensive  program  was  initiated  jointly  by 
the  Army  Propulsion  Directorate  [1]  and  the  propulsion  contractor, 
Hercules  Incorporated  [2] ,  to  determine  the  cause  of  the  grain  failure 
and  solve  the  problem.  A  number  of  possible  failure  mechanisms  were 
proposed  and  investigated.  The  CHAPARRAL  propellant  involved  in  the 
grain  failure  is  comprised  of  glycerol  trinitrate  (nitroglycerine) 
plasticizer;  a  cross linked  binder  of  polyglycoladipate,  nitrocellulose, 
and  polycaprolactone ;  a  solid  oxidizer;  and  inorganic  additives.  A 
primary  failure  hypothesis  was  that  the  nitroglycerine  plasticizer  or 
the  crosslinked  propellant  binder  was  crystallizing  during  cold 
temperature  cycling,  resulting  in  propellant  embrittlement  and  subse¬ 
quent  grain  cracking.  The  grain,  in  either  event,  would  inevitably 
crack  because  it  would  not  have  sufficient  strain  capability  to 
withstand  thermal  cycling. 
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Low  temperature  x-ray  diffraction  research  on  crystalliza¬ 
tion  phenomena  in  nitrate  ester  plasticized  smokeless  propellants  and 
gumstocks  was  conducted  by  the  Army  Propulsion  Directorate  in  support 
of  the  CHAPARRAL  Project  Office.  The  Propulsion  Directorate  had 
previous  x-ray  diffraction  analysis  experience  with  binder  crystalli¬ 
zation  phenomena  in  other  types  of  propellants  that  facilitated  the 
CHAPARRAL  propellant  research.  The  objective  was  to  determine  the 
possible  roles  of  both  nitrate  ester,  particularly  nitroglycerine,  and 
binder  low  temperature  crystallization  in  CHAPARRAL  propellant 
embrittlement.  A  number  of  variables  such  as  moisture  content, 
propellant  surface  contamination,  conditioning  temperature,  and  ener¬ 
getic  plasticizer  mixtures  were  investigated  for  their  influence  on 
nitroglycerine  crystallization  in  propellants  and  gumstocks.  The 
details  of  the  investigation  are  described  in  this  paper. 

The  results  of  the  low  temperature  x-ray  diffraction  research 
showed  unequivocally  that  low  temperature  CHAPARRAL  propellant 
embrittlement  is  caused  by  nitroglycerine  crystallization.  Having 
established  the  cause  of  embrittlement,  an  alternative  propellant, 
containing  a  mixed  plasticizer  of  nitroglycerine  and  1,2,4-butanetriol 
trinitrate  was  developed  by  Hercules,  Incorporated  in  cooperation  with 
the  Army  Propulsion  Directorate.  This  alternative  minimum  signature 
formulation  has  undergone  extensive  low  temperature  thermal  cycling 
without  embrittling,  and  is  expected  to  replace  the  original  minimum 
signature  propellant  formulation  in  future  CHAPARRAL  XM121  smokeless 
motor  production. 

EXPERIMENTAL 


Ins  trumen  t  a  t  ion 


An  x-ray  diffractometer  marketed  by  Philips  Electronic 
Instruments  was  used.  Copper  Ka  radiation  was  produced  by  a  high 
intensity  copper  target  x-ray  tube  operated  at  35  kV  constant  potential 
and  30  mA.  The  copper  Kg  component  of  the  x-ray  tube  output  was 

reduced  with  a  lithium  fluoride  monochromator.  The  copper  Ka  radia¬ 
tion  was  collimated  with  a  1°  divergence  slit.  Voltage  to  the  x-ray 
generator  was  stabilized  with  a  5  kVA  line  voltage  stabilizer.  The 
recorder  was  a  Sargent-Welch  Model  SR.  The  diffracted  copper  Ka 
x-ray  intensity  was  measured  with  a  scintillation  detector.  The 
associated  electronic  circuit  panel  (type  12206/0)  has  a  linear/log 
rate  meter,  a  decade  scaler  with  an  electronic  timer,  and  a  pulse 
height  analyzer. 

To  permit  periodic  low  temperature  x-ray  diffraction  analyses 
of  samples  over  an  extended  period  of  time,  a  temperature  controlled 
attachment,  constructed  earlier  for  binder  crystallization  studies. 
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was  modified  slightly  for  this  application.  The  design,  which  is 
described  in  detail  elsewhere  [4] ,  is  based  on  that  of  Sakurai  and 
Suzuki  [5] .  Commercially  available  attachments  are  not  suitable  for 
this  application,  because  they  are  not  designed  for  the  effective 
transfer  of  samples  at  low  temperatures.  The  attachment  was  insulated 
with  Styrofoam.  The  copper  Ka  radiation  passed  through  a  180°  opening 
in  the  attachment  chamber  that  was  sealed  with  two  layers  of  Mylar 
film  separated  by  an  air  space.  Frost  was  prevented  from  collecting 
on  the  outer  Mylar  window  by  blowing  air  over  its  surface.  The  attach¬ 
ment  was  connected  by  means  of  an  insulated  tube  to  a  12-liter  Dewar 
flask  containing  liquid  nitrogen.  The  temperature  within  the  attach¬ 
ment  was  capable  of  being  cooled  to  well  below  the  required  219 °K  in 
a  short  period  of  time  by  passing  cold  nitrogen  gas  around  the  sample. 
The  nitrogen  gas  was  generated  by  applying  voltage  to  a  resistor 
suspended  in  the  liquid  nitrogen,  by  means  of  a  variable  transformer. 
The  temperature  in  the  attachment  was  controlled  by  manual  adjustment 
of  the  transformer  and  read  with  a  digital  thermometer.  The  most 
important  feature  of  the  attachment  is  that  it  can  be  easily  disas¬ 
sembled  and  reassembled  at  low  temperatures  for  the  insertion  and 
removal  of  samples. 

Procedure 


All  propellant  and  cured  gumstock  samples  were  cut  into 
slices  measuring  2.54  cm  x  3.81  cm  with  thicknesses  varying  from 
1.5  -  3  mm.  The  cured  gumstock  was  composed  of  all  of  the  propellant 
ingredients  except  the  solids.  Various  samples  were  preconditioned 
at  equilibrium  relative  humidities  of  <1%,  20%,  44%,  58%,  and  81% 
for  the  evaluation  of  moisture  effects  on  low  temperature  embrittle¬ 
ment.  The  equilibrium  relative  humidity  of  <1%  was  achieved  by 
drying  with  4A  molecular  sieve,  and  the  others  were  achieved  by 
equilibration  of  the  samples  in  sealed  vessels  containing  appropriate 
salt  solutions.  Each  sample  was  placed  against  an  aluminum  plate 
having  the  same  dimensions  and  the  sample  and  plate  were  tightly 
wrapped  with  aluminum  foil.  The  other  wrapped  sample  surface  was 
then  placed  against  a  second  aluminum  plate.  A  clamp  was  placed  on 
each  end  of  the  sample  so  that  it  was  tightly  sandwiched  between  the 
plates,  thus  preventing  contamination  from  the  sample  storage  environ¬ 
ment.  Some  samples  were  thermally  cycled  from  283 °K  to  219°K  whereas 
others  were  stored  at  constant  temperatures  of  255°K  (0°F) ,  233°K 
(-40°F),  and  219°K. 

Samples  were  periodically  removed  from  the  conditioning 
boxes  and  transferred  to  the  x-ray  diffractometer  on  dry  ice.  The 
low  temperature  attachment  was  precooled  to  219 °K  and  then  rapidly 
disassembled  and  reassembled  for  sample  insertion  and  analysis. 

During  sample  insertion  in  the  attachment,  the  sample  surface  collected 
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a  thin  film  of  frost,  and  the  internal  temperature  of  the  attachment 
warmed  to  approximately  273 ®K.  Upon  reassembly,  the  sample  tempera¬ 
ture  was  rapidly  cooled  to  the  219®K  test  temperature  so  that  no 
possible  nitroglycerine  or  binder  crystallites  melted.  The  thin  film 
of  frost  on  the  sample  surface  rapidly  sublimed  in  the  dry  nitrogen 
environment.  The  mounted  sample  at  219®K  was  continuously  scanned 
at  2®  per  minute,  generally  over  the  range  of  10-40®  20  with  a  rate 
meter  time  constant  of  1  or  2  seconds  and  a  full  scale  recorder 
sensitivity  of  1000-2000  counts /second. 

RESULTS  AND  DISCUSSION 

Temperature  and  Moisture  Effects 

Propellant  and  gumstock  samples  were  temperature  cycled 
dally  from  283 ®K  to  219 ®K  to  duplicate  the  condition  under  which 
minimum  signature  propellant  in  CHAPARRAL  motors  embrittled.  The 
samples  were  also  equilibrated  to  different  moisture  levels  because 
previous  surveillance  data  indicated  a  possible  dependence  of  propel¬ 
lant  embrittlement  on  moisture  content.  The  primary  purpose  of 
constant  temperature  storage  at  219 ®K,  233®K,  and  255 ®K  was  to  insure 
that  any  binder  crystallization  that  might  occur  would  be  detected. 
Thermal  cycling  to  283®K  would  likely  melt  binder  crystallites,  based 
on  previous  experience  [3] .  Also,  different  constant  storage  tempera¬ 
tures  would  provide  valuable  information  on  nitroglycerine  crystalli¬ 
zation  initiation  and  propagation  rates.  The  crystallization  of 
nitroglycerine  is  a  two  step  process  involving  initiation  (nucleation) 
and  propagation  (crystal  growth).  If  either  step  is  prevented,  the 
propellant  will  not  embrittle.  Initiation  can  occur  homogeneously 
within  the  nitroglycerine  itself  or  heterogeneously  by  external 
nucleating  materials.  Both  types  of  nucleation  were  considered. 

The  baseline  x-ray  diffraction  pattern  of  amorphous  CHAPARRAL 
propellant  gumstock  at  219°K  is  shown  in  Figure  1.  Only  weak  diffrac¬ 
tion  peaks  from  ice  on  the  sample  surface  are  evident  for  crystalline 
material.  In  contrast  to  the  amorphous  gumstock  diffraction  pattern, 
the  pattern  for  crystallized  nitroglycerine  in  gumstock  is  shown  in 
Figure  2.  The  two  largest  peaks  were  recorded  off-scale  to  bring 
out  the  weaker  peaks  in  the  pattern.  The  Interplanar  d-spacing  in 
angstroms  of  each  peak  is  noted  by  the  peak.  The  intensites  of  the 
second  and  third  largest  peaks  relative  to  the  most  intense  peak 
(I/Ij^)  are  also  noted  on  the  pattern.  This  particular  sample  had 

been  cycled  between  283®K  and  219®K  for  36  days.  Typically,  the 
average  induction  time  for  the  initiation  of  nitroglycerine  crystal¬ 
lization  during  this  temperature  cycle  was  found  to  be  about  30  days, 
but  the  actual  time  varied  substantially. 
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Figure  2.  X-ray  diffraction  pattern  of  crystallized  nitroglycerine 
(stable  form)  in  embrittled  CHAPARRAL  propellant  gumstock. 
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When  the  diffraction  pattern  shown  in  Figure  2  was  first 
observed,  it  was  clear  that  a  large  amount  of  crystalline  material  had 
formed  and  that  it  was  most  likely  nitroglycerine.  An  immediate 
identification  from  the  pattern  could  not  be  made,  however,  because 
x-ray  diffraction  data  on  crystallized  nitroglycerine  is  not  available 
in  the  literature.  Consequently,  a  neat  sample  of  the  nitroglycerine 
was  crystallized  at  244 “K  (-20'’F)  ,  by  seeding  with  a  portion  of  the 
embrittled  gumstock,  and  analyzed.  Except  for  unavoidable  preferred 
orientation  of  crystallites  in  the  neat  nitroglycerine,  the  pattern 
agreed  with  that  in  Figure  2  and  thus  confirmed  that  the  nitroglycerine 
in  the  gumstock  had  crystallized.  That  the  embrittled  gumstock 
seeded  the  neat  nitroglycerine  crystallization  is  evidence  itself  that 
the  nitroglycerine  had  crystallized  in  the  gumstock  during  thermal 


cycling.  .  jjn 

Neat  nitroglycerine  when  cooled  is  viscous  and  readily 

supercools,  and  therefore  is  very  difficult  to  crystallize  without 
seeding.  This  might  account  at  least  partially  for  the  long  induction 
period  for  nitroglycerine  nucleation.  Once  nucleation  occurs,  however, 
crystal  growth  is  rapid  during  thermal  cycling.  The  optimum  tempera¬ 
ture  regions  for  both  nucleation  (219®K— 233°K)  and  crystal  growth 
rates  (244®K-250®K)  were  included  in  each  temperature  cycle. 

The  x-ray  diffraction  pattern  in  Figure  2  is  that  for  the 
stable  form  of  nitroglycerine  that  melts  at  about  286°K.  The  x-ray 
diffraction  pattern  of  embrittled  CHAPARRAL  propellant  that  was  also 
cycled  between  219“K  and  283 for  36  days  is  shown  in  Figure  3.  The 
peaks  of  crystallized  nitroglycerine  are  superimposed  on  those  of  the 
propellant  crystalline  solids,  but  are  clearly  discernible.  This  data 
showed  conclusively  that  CHAPARRAL  propellant  embrittlement  is  due 
primarily  to  nitroglycerine  crystallization  at  low  temperature. 

The  effect  of  propellant  and  gumstock  moisture  content  on 
the  time  required  for  nitroglycerine  to  crystallize  during  temperature 
cycling  from  219“K  to  283°K  is  given  in  Table  1.  The  time  for 
crystallization  or  the  induction  period  definitely  increases  as  the 
moisture  content  decreases.  In  fact,  samples  that  were  predried  over 
molecular  sieve  4A  (<  1%)  did  not  embrittle  when  stored  for  the  maximum 
test  time  of'  8.1  months.  This  suggests  that  the  propellant 
ment  problem  might  be  solved  by  insuring  that  propellant  in  C^ARRAL 
motors  is  initially  dry  and  maintained  dry  during  storage.  This  is 
not  considered  a  practical  solution  because  of  the  low  moisture  levels 
required,  and  the  fact  that  heterogeneous  nucleation  could  still 
possibly  occur  from  extraneous  material  such  as  dust.  The  sample  in 
this  investigation  was  protected  from  the  environment.  If  nucleation 
occurs,  then  crystal  growth  will  proceed  rapidly.  A  better  solution 
would  be  to  assume  that  nucleation  will  occur  and  to  significant  y 
reduce  subsequent  growth  by  kinetic  means.  This  is  the  approach 
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TABLE  1.  EFFECT  OF  MOISTURE  ON  CHAPARRAL  PROPELLANT  AND 
GUMSTOCK  NITROGLYCERINE  CRYSTALLIZATION  (TEMPERATURE 
CYCLED  DAILY  FROM  283 °K  TO  219 ®K) 


Sample  Equilibrium 
Relative  Humidity,  % 

Moisture 

Content,  Wt  % 

Months  for  Nitroglycerine 
Crystallization 

Gumstock 

Propellant 

Gumstock  Propellant 

*  <1 

<0.005 

<0.002 

>3.1 

>8.1 

20 

0.120 

0.049 

4.2 

3.3 

44 

0.265 

0.108  : 

3.1 

2.7 

58 

0.350 

0.143 

3.3 

2.3 

81 

0.488 

0.199 

1.5 

1.5 

*  Samples  dried  over  4A  molecular  sieve  desiccant. 


usually  used  [2]  to  solve  the  crystallization  problem.  Nevertheless, 
as  a  result  of  these  and  other  data,  stricter  moisture  controls  were 
instituted  during  propellant  and  motor  manufacture  and  motor  storage. 

The  role  of  moisture  in  CHAPARRAL  propellant  embrittlement 
was  not  clearly  established,  but  it  appears  that  ice  crystals  forming 
within  the  propellant  might  act  as  sites  for  heterogeneous  nitrogly¬ 
cerine  nucleation.  The  induction  period  for  the  formation  of  internal 
ice  crystals,  which  was  readily  detected  by  the  x-ray  diffraction 
analysis,  generally  preceded  nitroglycerine  crystallization  by  a  short 
period  of  time. 

The  effect  of  constant  temperature  storage  on  the  time  for 
nitroglycerine  crystallization  to  occur  in  propellants  and  gumstocks 
is  shown  in  Table  2.  At  219®K  no  crystallization  occurred  up  to  the 
maximum  test  period  of  4.2  months.  As  expected,  the  times  for  crystal 
lization  at  233 °K  and  255 were  longer  than  for  samples  of  the  same 
moisture  content  that  were  temperature  cycled.  The  stable  form  of 
nitroglycerine  was  formed  at  255 °K  (see  Figure  2)  whereas  what  is 
believed  to  be  the  labile  form  was  initially  observed  at  233°K.  The 
labile  form  slowly  converted  to  the  stable  form  after  1  to  2  months 
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storage.  The  x-ray  diffraction  pattern  of  a  propellant  lacquer  sample 
seeded  with  a  portion  of  gumstock  sample  embrittled  at  233 ®K  (see 
Figure  4)  illustrates  the  labile  nitroglycerine  form.  Only  the  4.17A 
peak  is  easily  discernible  in  embrittled  propellant.  Lacquer  is 
similar  to  gumstock,  but  is  not  crosslinked. 


TABLE  2.  EFFECT  OF  CONSTANT  TEMPERATURE  STORAGE  ON  NITROGLYCERINE 


CRYSTALLIZATION 

Storage 

Temperature,  "K 

IN  CHAPARRAL  PROPELLANT 

Equilibrium  Relative 
Humidity,  % 

AND  GUMSTOCK 

Months  for  Nitroglycerine 
Crystallization 

Propellant 

Gumstock 

255  (O^F) 

81 

— 

3.6 

233  (-A0“F) 

81 

2.4 

2.9 

233  (-40 OF) 

44 

>3.2 

— 

219  (-650F) 

81 

>4.2 

>4.2 

Special  Investigations 

A  number  of  special  investigations  were  conducted  to  further 
elucidate  the  mechanism  of  nitroglycerine  crystallization  and  subse¬ 
quent  propellant  embrittlement.  A  summary  of  propellant  and  gumstock 
samples  with  various  plasticizer  and  pol3nner  combinations  is  given  in 
Table  3.  Polyglycoladipate  polymeric  binder,  which  is  used  in 
CHAPARRAL  propellant,  was  not  found  to  crystallize  during  either 
temperature  cycling  or  constant  temperature  storage.  A  candidate 
polyethyleneglycol  binder,  however,  did  crystallize  to  a  large  extent 
in  gumstock,  but  no  evidence  of  crystallization  could  be  found  in 
propellants . 

During  previous  thermal  cycling,  N— methyl-p— nitroanlline 
(MNA)  ,  a  propellant  ingredient,  was  observed  to  form  on  gumstock 
surfaces.  The  rate  of  formation  and  the  amount  formed  was  proportional 
to  the  sample  moisture  content.  The  MNA  did  not  form  on  samples 
stored  at  constant  temperature.  It  was  suspected  that  MNA  might 
initiate  nitroglycerine  crystallization  on  the  sample  surface.  Three 
types  of  samples  were  analyzed  for  the  influence  of  MNA:  a)  normal 
gumstock  samples,  b)  gumstock  samples  with  MNA  omitted  from  the 
formulation,  and  c)  gumstock  samples  with  additional  MNA  added  to  the 
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TABLE  3.  PLASTICIZER/POLYMER  COMBINATIONS  INVESTIGATED  IN 
CHAPARRAL  CANDIDATE  PROPELLANT  AND  GUMSTOCK  FORMULATIONS 


Polymer 


^•Plasticizer 


Type  Sample 


Low  Temperature  Crystallization 
Plasticizer  Polymer 


Polyglycol- 

adipate 


Polyethylene- 

Glycol 


NG 

Propellant 

Yes 

No 

NG 

Gumstock 

Yes 

No 

None 

Gumstock 

Yes 

No 

NG 

Gumstock  (No  PCP) 

fes 

No 

NG 

Gumstock  (No  MNA) 

Yes 

No 

NG 

Gumstock  (MNA 
added  to  Surface) 

Yes 

No 

NG  +  BTTN 

Gumstock 

No 

No 

TMETN 

Propellant 

Yes 

No 

TMETN  +  DEGDN 

Propellant 

No 

No 

TMETN  +  DEGDN 

Gumstock 

No 

Yes 

TMETN  +  BTTN 

Propellant 

No 

No 

[N  +  TMETN  +  DEGDN 

Propellant 

No 

No 

^’Plasticizer  mixtures  were  equal  weight  proportions 


NG  =  Nitroglycerine 

PCP  “  Polycaprolactone 

MNA  ■  N-methyl-p-nitroanlllne 

BTTN  »  l,2,A-Butanetriol  Trinitrate 

TMETN  -  Trimethylolethane  Trinitrate 

DEGDN  -  Diethylene  Glycol  Dinltrate 


surface.  These  samples  were  investigated  as  a  function  of  moisture 
content  during  temperature  cycling  from  219®K  to  283 ®K.  The  results 
showed  that  MNA  in  the  presence  of  moisture  significantly  reduced  the 
induction  time  for  nitroglycerine  crystallization  over  that  for 
moisture  alone,  but  it  was  not  a  primary  causative  factor  for  propel¬ 
lant  embrittlement. 

Nitroglycerine  crystallization  can  be  initiated  both  homo¬ 
geneously  and  heterogeneously  by  extraneous  materials,  and  the 
subsequent  crystal  growth  rate  is  rapid.  Consequently,  the  only 
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practical  solution  to  the  embrittlement  problem  was  to  change  the 
plasticizer  composition  to  one  that  either  could  not  be  crystallized 
thermodynamically,  or  to  one  that  upon  initiation  would  have  a 
negligible  crystal  growth  rate.  The  latter  approach,  using  a  plasti¬ 
cizer  mixture  of  nitroglycerine  and  1,2,4-butanetriol  trinitrate  in  a 
1:1  weight  ratio,  was  chosen.  The  thermodynamic  solution  was  not 
possible,  because  the  freezing  points  of  acceptable  pure  plasticizers 
and  plasticizer  mixtures  are  above  the  lower  temperature  limit  for 
the  CHAPARRAL  motor.  The  six  plasticizer  mixtures  shown  in  Table  3 
were  evaluated  for  their  crystallization  properties  during  219  K  to 
283®K  cycling  and  constant  storage  at  233°K.  No  plasticizer  crystal¬ 
lization  was  found  in  these  mixtures  after  extensive  temperature 
conditioning  even  when  the  samples  contained  a  high  percentage  of 
moisture. 

CONCLUSIONS 

The  x-ray  diffraction  research  demonstrated  unequivocally 
that  low  temperature  embrittlement  of  the  original  minimum  signature 
CHAPARRAL  propellant  was  caused  by  crystallization  of  the  nitro¬ 
glycerine  plasticizer.  The  exact  mechanism  of  nitroglycerine 
crystallization  was  not  established,  but  several  parameters  that 
influence  the  rate  of  initiation  or  nucleation  of  nitroglycerine  were 
identified.  Propellant  moisture  in  particular  increases  the  rate  of 
initiation  in  proportion  to  the  moisture  content.  A  propellant 
component,  N-methyl-p-nitroaniline ,  which  forms  on  the  propellant 
surface,  further  decreases  the  time  to  initiation  in  the  presence 
of  moisture.  The  propellant  binder,  which  was  initially  suspect, 
shows  no  evidence  of  crystallization  at  low  temperature . 

Low  temperature  x-ray  diffraction  analyses  of  plasticizer 
mixtures  that  did  not  crystallize  upon  extended  low  temperature  storage 
demonstrated  the  feasibility  of  this  approach  for  solving  the  embrittle¬ 
ment  problem.  A  modified  minimum  signature  CHAPARRAL  propellant, 
containing  a  mixed  plasticizer  of  nitroglycerine  and  1,2,4-butanetriol 
trinitrate,  is  undergoing  requalification  and  has  successfully  with¬ 
stood  extensive  low  temperature  cycling  without  embrittlement. 

The  x-ray  diffraction  research  is  significant  because  it 
established  the  cause  of  the  embrittlement  problem  and  evaluated 
selected  approaches  for  solution  of  the  problem,  thus  enabling  a 
confident,  rapid  solution  without  seriously  Impacting  CHAPARRAL  3(M121 
motor  production.  Furthermore,  fundamental  data  on  low  temperature 
propellant  crystallization  phenomena  were  obtained  that  will  enhance 
future  minimum  signature  propellant  development  programs. 
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INTRODUCTION:  In  a  chain  explosion,  the  initial  chemical 

reaction  follows  one  or  more  modes  of  reaction  (1,2).  The  ensuing 
highly  reactive  transient  species,  commonly  believed  to  be  radicals, 
react  with  intact  explosive  molecules  to  produce  more  radicals  which 
ultimately  recombine  and  release  energy  sufficient  to  support  a 
detonation  wave.  To  achieve  better  control  over  the  detonation 
process  it  is  important  to  know  the  rate  of  the  relatively  slow, 
primary  reaction  step  and  the  nature  of  the  transient  species  produced 
in  this  step.  When,  in  particular,  a  condensed  explosive  experiences 
the  high  dynamic  pressure  of  a  strong,  initiating  shock  wave,  it  may 
Initiallly  decompose  via  a  bimolecular  rather  than  a  more  commonly 
accepted  unlmolecular  process#  The  present  study  was  undertaken  to 
examine  this  question  in  relation  to  the  primary  reaction  step  in 
liquid  methyl  nitrate  undergoing  shock  initiation  of  detonation.  In 
particular,  the  physical  and  chemical  effects  of  the  incident  shock  on 
the  molecules  are  viewed  in  terms  of  the  following  three  plausible 
modes  of  reaction: 

1.  Compression  of  a  single  molecule  along  its  weakest  bond, 
followed  by  scission  of  this  bond  as  the  molecule  relaxes, 

2.  curling  of  fuel  and  oxidizer  ends  of  the  molecule  towards 
each  other  followed  by  an  intramolecular  abstraction  reaction,  and 

3.  squeezing  together  of  a  pair  of  neighboring  molecules 
such  that  the  fuel  end  of  one  molecule  reacts  with  the  oxidizer  end  of 
the  other. 
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Methyl  nitrate  was  chosen  as  the  first  of  a  series  of 
explosives  since  the  H^CO  “  NO2  bond  is  considerably  weaker  than  the 
other  bonds  in  the  molecule.  Hence,  a  theoretical  treatment  should 
yield  more  dramatic  effects  for  this  molecule  than  for  a  molecule 
which  has  a  narrower  distribution  of  bond  energies.  Moreover,  methyl 
nitrate  is  a  simple  prototype  of  alkyl  nitrate  explosives  such  as 
nitroglycerine  and  pentaerythritol  tetranitrate. 

THEORETICAL  PROCEDURES:  The  quantum  chemical  Modified 
Intermediate  Neglect  of  Differential  Overlap  (MINDO/3)  method  (3)  was 
employed.  As  a  semi-empirical,  self-consistent  field  molecular 
orbital  treatment,  it  was  parametrized  by  Dewar  to  yield  equilibrium 
geometries  and  heats  of  formation  for  a  wide  variety  of  closed  shell 
systems,  including  CHNO-molecules,  giving  good  agreement  with 
experiment  (4).  The  parametrization  apparently  simulates  the  actual 
electric  fields  due  to  electrons  and  nuclei  in  stable,  closed  shell 
molecules.  Thus,  Dewar  and  coworkers  predicted  heats  of  formation 
with  a  mean  absolute  error  of  5  kcal/mole.  Equilibrium  geometries  are 
also  satisfactory  as  bond  lengths,  bond  angles  and  dihedral  angles  are 
given  with  mean  absolute  errors  of  .02A  ,  6®,  and  6®  respectively. 
Although  MINDO/3  was  parametrized  for  just  these  equilibrium 
properties,  it  also  predicts  the  activation  energy  for  a  variety  of 
reactions  involving  complex  organic  molecules  with  a  mean  absolute 
error  of  5  kcal/mole  (5,6).  It  is,  therefore,  more  than  just  a  curve 
fitting  technique  as  is  also  demonstrated  by  its  ability  to  predict  a 
variety  of  other  molecular  properties  (5)  that  depend  on  the  valence 
shell  electron  distribution. 

MINDO/3  is  used  to  calculate  first  the  equilibrium  geometry 
of  the  methyl  nitrate  molecule  and  then  three  minimum  energy  reaction 
paths  (MERPs)  (5,6)  corresponding  to  the  aforementioned  three  modes  of 
reaction.  Finally,  values  of  the  volume-,  entropy-,  and  energy-of 
activation  derived  from  the  MERP  are  inserted  into  the  absolute  rate 
theory  equation  to  yield  the  specific  rate  constant  for  a  given 
reaction  path  at  a  given  temperature  and  pressure.  Of  course,  the 
most  likely  path  to  be  followed  under  the  given  conditions  will  be  the 
one  with  the  highest  rate  constant. 

GEOMETRY  OF  THE  ISOLATED  MOLECULE:  Since  the  starting  point 
for  a  chemical  reaction  is  the  equilibrium  conformation  of  the 
molecule,  its  geometry  is  calculated  first.  A  complete  optimization 
of  all  bond  distances,  bond-  and  dihedral-angles  was  carried  out. 
Figure  1  gives  the  overall  shape  of  the  molecule.  The  heavy  atoms  and 
one  hydrogen  atom  H^  are  in  the  plane  of  the  paper  whereas  the 
hydrogens  H^^  and  H^^  are  above  and  below  the  plane,  respectively.  The 
staggered  arrangement  of  the  hydrogen  atoms  is  correctly  predicted. 
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Figure  1.  Calculated  Shape  of  Methyl  Nitrate  Molecule 
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Moreover,  calculated  values  for  six  bond  distances  and  six  bond  angles 
agree  with  experimental  values  (obtained  by  microwave  spectral 
measurements  (7))  within  mean  absolute  errors  of  0.03A  and  5®, 
respectively.  The  heat  of  formation  calculated  for  the  equilibrium 
structure  is  -28.3  kcal/mole  which  also  agrees  well  with  the 
experimental  value  of  -29.1  kcal/mole  (8). 

PROCEDURE  FOR  CALCULATING  MERPS:  In  the  course  of  generating 
the  MERP  beginning  with  the  equilibrium  geometry  of  the  stable 
molecule,  one  encounters  an  uphill  curve  of  total  energy  versus 
reaction  variable.  Here,  we  take  for  the  variable  either  an 
interatomic  distance  or  a  bond  angle.  (For  each  chosen  value  of  the 
reaction  variable,  the  remaining  molecular  parameters  are  optimized  to 
yield  the  lowest  energy  for  that  value  of  the  reaction  variable. ) 
Eventually,  a  maximum  is  attained  which,  when  compared  to  the  initial 
energy,  yields  the  activation  energy  for  the  assumed  process. 

The  distorted  molecular  system  corresponding  to  the  energy 
maximum  is  known  as  the  transition  state  or  activated  complex.  Since 
the  maximum  is  a  saddle  point,:  all  energy  gradients  with  respect  to 
the  molecular  variables  must  vanish  (9).  This  criterion  is  used  to 
find  the  exact  location  of  the  transition  state.  Moreover,  from  the 
gradients  at  the  extremum,  second  derivatives  are  calculated  which 
represent  the  theoretical  force  constants.  Since  the  transition  state 
is  stable  to  deformations  along  all  coordinates  other  than  the 
reaction  coordinate,  it  has  one  and  only  one  negative  force 
constant.  Thus,  one  can  establish  that  the  extremum  corresponds  to  a 
transition  state  rather  than  a  stable  intermediate  in  which  case  all 
force  constants  are  positive.  In  addition,  a  normal  coordinate 
analysis  is  carried  out  on  the  transition  state  using  the  theoretical 
force  constants  as  input.  From  the  resulting  set  of  normal  modes  of 
vibration,  the  vibration  along  the  transition  vector  is  selected  for 
examination.  In  particular,  it  is  determined  whether  the  transition 
state  indeed  corresponds  to  the  assumed  reaction  path  and  thus  leads 
to  the  formation  of  the  intended  reaction  products.  Finally,  after 
the  transition  state  is  located  and  characterized,  all  molecular 
parameters  are  optimized  to  yield  final  geometries  and  h^ats  of 
formation  of  the  reaction  products.  I  I 

;  I 

UNIMOLECULAR  REACTION  PATHS 

Scission  of  the  Weakest  Bond;  Since  H3CO  -  NO2  is  the 
weakest  bond  in  the  molecule,  a  MERP  corresponding  to  stretching  this 
bond  has  been  calculated.  Table  1  gives  heats  of  formation,  H^,  of 
the  equilibrium  and  transition  states  of  the  molecule  and  the 
activation  energy,  AE^  ,  derived  from  the  difference  in  H£  values. 


94 


Table  1*  Properties  of  three  plausible  reaction  paths  of  methyl  nitrate 
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The  latter  agrees  reasonably  well  with  the  observed  quantity.  Figure 
2  is  a  graphical  representation  of  the  MERP  describing  stretching  of 
this  bond  to  the  point  of  scission.  Finally,  Figure  3  describes  the 
geometry  of  the  transition  state  and  the  transition  vector,  the  arrows 
representing  the  amplitudes  and  directions  of  motion  of  the  atoms  in 
the  normal  coordinate  corresponding  to  reaction.  The  methoxy  oxygen- 
nitrogen  bond  (O'^-N)  is  stretched  by  0.5A  from  its  original  bond 
distance  value  of  1.4A  whereas  all  the  other  molecular  parameters 
remain  essentially  unchanged. 

Intramolecular  Hydrogen  Abstraction  Reaction;  The  molecule 
is  imagined  to  curl  up,  bringing  a  hydrogen  atom  into  the  vicinity  of 
a  terminal  oxygen  atom.  The  geometry  of  the  transition  state  and  the 
transition  vector  are  depicted  in  Figure  4.  The  transition  state  is 
fully  planar  except  for  the  non-ring  hydrogens.  Major  changes  in 
geometry  which  have  occurred  relative  to  the  initial  equilibrium 
conformation  of  Figure  1  are:  C-H^  and  0^-N  bond  distances  have 
stretched  by  .25  and  .2A  , respectively,  the  -  H  distance  has 
shrunk  by  1.5A  and  the  CO^N  and  O^NO  bond  angles  have  collapsed 
by  ^  27®  and  10®,  respectively.  The  directions  and  magnitudes  of  the 
arrows  in  Figure  4  help  visualize  the  manner  in  which  planar  H2CO  and 
trans-HONO  are  formed.  The  energetics  of  this  reaction  process  are 
given  in  Table  1.  The  heats  of  formation  of  reactant  and  product 
molecules  and  the  resulting  exothermic  heat  of  reaction  are 
predicted  with  reasonable  accuracy.  Moreover,  AE^  is  ~  20  kcai/mole 
higher  than  that  of  the  unimolecular  bond  scission  process. 

BIMOLECULAR  REACTION  PATH;  In  this  reaction  path  two 
molecules  of  methyl  nitrate  are  brought  together  in  such  a  way  that 
the  methyl  group  of  one  molecule  Interacts  with  the  nitrate  group  of 
the  other,  as  shown  in  Figure  5.  In  fact,  the  figure  represents  the 
transition  state  in  which  reaction  is  imminent.  The  arrows  on  the 
atoms  in  the  reaction  site  suggest  insertion  of  an  oxygen  atom  into 
the  C-H*  bond  in  the  plane  of  the  heavy  atoms.  Thus,  methyl  nitrite 
and  hydroxmethyl  nitrate  are  predicted  as  products.  Although  the 
latter  molecule  is  not  known,  it  appears  to  have  some  thermodytiamic 
stability  as  is  illustrated  by  its  very  negative  heat  of  formation. 
According  to  Table  1,  the  reaction  requires  an  activation  energy  6f  32 
kcal/mole  which  is  comparable  to  that  of  the  unimolecular  bond 
scission  process.  Moreover,  the  reaction  is  exothermic  by  31 
kcal/mole.  Hence,  the  molecules  could  act  as  energy  carriers  in  a 
reaction  sequence  leading  to  detonation. 

CALCULATION  OF  REACTION  RATES:  Assuming  that  thermal 
equilibrium  exists  between  the  transition  state  and  the  stable 
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Figure  2.  MERP  of  the  Bond  Scission  Reaction  in  Methyl  Nitrate 
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Figure  3.  Shape  and  Transition  Vector  of  the  Bond  Scission  Transition 

State  of  Methyl  Nitrate 


Figure  4.  Shape  and  Transition  Vector  of  the  Cyclic  Transition  State 

of  Methyl  Nitrate 


Figure  5.  Shape  and  Transition  Vector  of  the  Bimolecular  Transition  State 

of  Methyl  Nitrate 
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molecule,  the  specific  reaction  rate  constant  is  given  by  the 
following  thermodynamic  formulation  of  transition  state  theory: 

k - •  exp  [  J  •  6xp  I  J  ♦  \  J  '  ^ ' 

where  As'*',  AV*,  and  AE*  are  entropies-,  volumes-,  and  energles-of- 
activation,  respectively.  In  order  to  assess  the  relative  importance 
of  different  reaction  paths,  we  must  evaluate  or,  at  least,  estimate 
these  quantities  for  each  path.  The  MERPs  have  been  analyzed,  in 
fact,  to  provide  values  for  these  quantities.  In  particular,  AV^  and 
the  rotational  contribution  to  AS*  are  obtained  from  the  calculated 
geometries  of  the  stable  methyl  nitrate  molecule  and  the  different 

transition  states.  Moreover,  the  vibrational  contribution  to  AS*  is 
derived  from  the  vibrational  frequencies  generated  by  a  normal 
coordinate  analysis.  Finally,  AS*  is  obtained  as  the  sum  of  these 
contributions  and  that  of  translation,  the  latter  being  readily 

calculated  from  the  molecular  weights  of  the  reactant  and  transition 
state  species  (10).  This  procedure  gives  good  agreement  between 
calculated  values  of  the  volume  and  entropy  of  the  stable  methyl 

nitrate  molecule  at  298K  and  1  atm  viz.  115A^  and  74.5  eu, 

respectively  and  the  corresponding  values  derived  from  experiment  viz* 
106 and  75.9  eu  (11,12). 

Since  Equation  1  interrelates  a  vast  body  of  chemical  kinetic 
Information  on  reactions  in  both  gas-r  and  condensed-phases  (13),  we 
apply  it  to  the  case  at  hand  which  is  shock  initiation  of  liquid 
methyl  nitrate.  Low-and  high-  velocity  detonations  have  been  measured 
in  liquid  methyl  nitrate  (14).  However,  the  pressure  and  temperature 
conditions  associated  with  the  initiating  shock  were  not  determined. 
We,  therefore,  estimated  a  typical  set  of  values  for  liquid  methyl 

nitrate  based  on  (1)  a  measurement  by  Campbell  et  al.  (15)  of  the 
pressure  and  associated  temperature  of  an  initiating  shock  wave  in 
liquid  nitrome thane  and  (2)  measurements  by  Shaw  (16)  on  pressures  and 
corresponding  reaction  times  for  initiating  shocks  in  nitromethane  and 
methyl  nitrite  liquids.  The  values  thus  estimated  for  liquid  methyl 
nitrate  are  60  kbars  and  800K. 

To  make  proper  use  of  Equation  1,  values  of  the  activation 

parameters  AV*,  AS*,  and  AE*  should  correspond  to  the  elevated 

temperature  and  pressure  associated  with  the  initiating  shock  wave* 
Therefore,  AS"*"  and  AE+  were  calculated  for  800K  via  the  use  of 

statistical  thermodynamic  relations  involving  partition  functions 
but  AV^  which  had  been  calculated  for  298K  is  assumed  to  be  constant 
over  the  temperature  range  298-800K.  As  for  the  pressure  dependence 


V. 
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of  these  properties  experimental  evidence  in  the  literature  (17,18) 
indicates  that  for  several  unimolecular  and  bimolecular  reactions 
carried  out  in  the  pressure  range  .001-60  kbars,  their  combined  effect 

on  specific  rate  constants  is  no  greater  than  two  orders  of 

magnitude.  As  shown  in  Table  2,  the  rate  constants  at  60  kbars  and 
800K  differ  by  many  more  orders  of  magnitude.  Clearly,  the  first 
exponential  term  in  Equation  1  overshadows  the  pressure  dependence  of 
the  activation  parameters. 

DISCUSSION  OF  RESULTS 

Table  2  shows  that  at  60  kbars  and  800K  the  specific  rate 

constant  for  bond  scission  is  four  orders  of  magnitude  larger  than 
that  of  the  intramolecular  hydrogen  abstraction  reaction.  Of  greater 
interest  is  the  finding  that  the  specific  rate  constant  for  the 

bimolecular  reaction  is  nine  orders  of  magnitude  greater  than  the 

faster  of  the  two  unimolecular  reaction  processes.  It  is  apparent 
from  Table  2,  that  this  is  entirely  due  to  the  highly  compressed  form 
of  the  bimolecular  transition  state,  viz.  =  —32.2  cc/mole.  This, 

in  turn,  results  from  the  formation  of  C-0  and  0-H  bonds  at  the 

expense  of  rupture  of  an  N-0  bond  during  the  oxygen  insertion 

reaction.  This  is,  in  fact,  the  first  time  that  theory  suggests  a 

reaction  in  which  a  bound  -NO2  group  directly  donates  its  oxygen  to 
another  molecule.  Traditionally,  it  has  been  assumed  that  oxidation 
occurs  only  after  the  formation  of  the  NO2  molecule.  Since  MINDO/3 
was  originally  parametrized  for  equilibrium  properties  and  its 
reliability  for  predicting  activation  parameters  of  insertion 
reactions  has  not  yet  been  established,  it  is  planned  to  put  these 
conclusions  to  an  experimental  test. 

Nevertheless,  the  results  are  consistent  with  thermo¬ 
hydrodynamic  predictions  and  observed  detonation  phenomena.  In 
particular,  a  finding  from  Figure  6  that  the  bimolecular  methyl 

nitrate  system  compresses  by  ~  23%  on  reaching  the  transition  state 
accords  with  thermo-hydrodynamic  predictions  of  a  maximum  compression 
of  condensed  explosives  by  strong  shock  waves  of  25-37.5%  (15,19). 
Similarly,  a  5%  compression  of  a  single  methyl  nitrate  molecule  along 
the  repulsive  portion  of  the  curve  in  Figure  2  to  a  state  Isoenergetic 
with  the  transition  state  for  bond  scission  is  also  consistent  with 
thermohydrodynamics.  It  is  clear  that  most  of  the  compression  by 

shock  is  due  to  Intermolecular  rather  than  intramolecular  processes. 
With  respect  to  detonation  phenomena,  Kusakabe  and  Fujiwara  (14) 

observed  that  liquid  methyl  nitrate  propagates  at  a  stable,  low 

velocity  detonation  (LVD)  of  ~  2500  m/s  when  the  initiating  shock 
pressure  is  low  and  high  velocity  detonation  (HVD)  of  ~  6700  m/s  when 
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Table  2.  Transition  State  Parameters  and  Relative  Rates  of 
Reaction,  at  800K  and  60  kbars. 


AV* 

(cc/mole) 

AS* 

(cal/mole-deg) 

AE* 

(kcal/mole) 

k  k 

X  bond  sciss. 

Bond  Scission: 

5.4 

-1.4 

34.0 

1.0 

Intramolecular 

H-Abstraction: 

-2.1 

-4.2 

56.5 

10"'* 

Bimolecular 

0-Insertion: 

-32.2 

-32.3 

32.3 

10® 
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the  pressure  is  high.  In  view  of  the  importance  of  the  exp 
(-PAV^/RT  )  term  in  the  rate  expression,  our  calculations  show  that 
the  HVD  phenomenon  is  explainable  in  terms  of  the  fast  bimolecular 
process  and  LVD  in  terms  of  the  much  slower  unimolecular  bond  scission 
process.  The  exothermicity  of  the  bimolecular  reaction  path  as 
opposed  to  the  endothermiclty  of  the  unimolecular  bond  scisson  path 
provides  yet  another  reason  for  relating  these  processes  with  HVD  and 
LVD,  respectively.  Thus,  energy  to  support  the  HVD  front  could  become 
available  to  it  Immediately  from  the  bimolecular  reaction  step  whereas 
energy  for  the  LVD  front  would  be  forthcoming  from  radical 
recombination  reaction  steps  which  occur  much  later  and  many  reaction 
steps  after  the  primary  bond  scission  step  (2). 

SUMMARY  AND  CONCLUSIONS 

A  theoretical  approach  is  described  which  permits  one  to 
calculate  rates  of  reaction  from  the  structural  formula  of  an 
explosive  molecule.  The  theoretical  tools  are  the  MINDO/3  semi— 
empirical  quantum  chemical  procedure  of  Dewar  and  the  transition 
theory  rate  equation.  The  applicability  of  this  approach  to  the  study 
of  shock  initiation  of  detonation  is  illustrated  by  way  of  the  liquid 
explosive,  methyl  nitrate.  The  relative  rates  of  three  plausible 
reaction  paths  are  calculated.  They  are  the  unimolecular  bond 
scission  reaction  which  yields  CH3O.  and  NO2.,  the  intramolecular 
hydrogen  abstraction  reaction  which  yields  HONO  and  H2CO  and  the 
bimolecular  oxygen  insertion  reaction  which  yields  CH3ONO  and 
HOCH2ONO2.  Surprisingly,  it  was  found  that  at  conditions  believed  to 
be  typical  for  shock  initiation  of  high  velocity  detonation  in  liquid 
methyl  nitrate  viz.  60  kbars  and  800K,  the  bimolecular  reaction 
proceeds  nine  orders  of  magnitude  faster  than  the  commonly  accepted 
bond  scisson  reaction  whereas  the  Intramolecular  reaction  is  four 
orders  of  magnitude  slower  than  bond  scission.  Moreover,  the 
bimolecular  reaction  is  exothermic  by  30  kcal/mole.  If 
experimentally  confirmed,  this  finding  would  represent  the  first 
instance  of  a  reaction  in  which  a  bound  NO2  group  directly  inserts 
oxygen  into  the  bond  of  another  molecule.  The  results  are  consistent 
with  thermohydrodynamlc  predictions  for  shock  compression  of  condensed 
explosives  and  with  observations  of  stable  high  velocity  and  low 
velocity  detonation  in  liquid  methyl  nitrate. 

The  approach  taken  here  has  yielded  a  new  view  of  processes 
in  the  detonation  regime.  It  is  recognized  that  future  experimental 
observations  are  needed  to  confirm  the  above  conclusions.  Moreover, 
it  is  felt  that,  in  addition  to  the  use  of  a  semi-empirical  quantum 
chemical  procedure,  a  combination  of  a  state-of-the-art  ab  initio 
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method  and  new  experimental  techniques  for  monitoring  transient 
chemical  species  can  provide  new  insights  into  detonation  phenomena. 
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PATTERN  RECOGNITION  APPLICATIONS  IN  CHEMISTRY  AND  PHARMACOLOGY: 

A  'PHARMACOPHORE  ACETYLCHOLINORECEPTOR'  SUBUNIT  ENVIRONMENT  MODEL  (U) 
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In  the  analysis  of  a  compound's  structure  for  the  predic¬ 
tion  of  its  resultant  pharmacological  activity,  the  ultimate  goal  of 
the  researcher  is  the  explanation  of  the  physiological  mechanisms  and 
compound  interactions  involved  from  the  moment  the  drug  is  adminis¬ 
tered  until  the  time  it  completes  its  effect.  Having  this  knowledge, 
the  researcher  can* then  design  compounds  producing  the  efficacious¬ 
ness  desired.  With  this  objective.  Investigators  at  the  Research 
Division,  Chemical  Systems  Laboratory,  APG,  MD  have  conducted 
chemical  structure-biological  activity  relationship  (SAR)  studies  (1) 
on  various  classes  of  compounds  whose  pharmacological  actions  'in 
vivo’  are  directly  related  to  the  cholinergic  system.  The  studies 
have  included  toxicity,  cholinolytic  and  cholinomimetic  activity, 
and  the  medical prophylactic  and/or  therapeutic  efficacy  of  compounds 
or  mixtures  of  compounds  against  anticholinesterase  poisoning. 

Of  the  possible  receptors  in  this  system,  three  types  have 
been  described  that  are  specific  for  interaction  with  acetyl¬ 
choline  (ACh).  These  are  the  nicotinic  acetylcholine  receptor  (NAChR) , 
the  muscarinic  acetylcholine  receptor  (MAChR) ,  and  the  acetylcholin¬ 
esterase  enzyme  (AChE) .  In  this  report,  the  general  term  'acetyl- 
cholinoreceptor ’  (AChRE)  refers  to  all  three.  Extensive  research  has 
been  conducted  on  the  pharmacological  receptors  and  the  biological 
mechanisms  of  action  associated  with  the  neurotransmitter  acetyl¬ 
choline  (3-5)  and  many  receptor  configuration  and  biochemical 
mechanistic  models  have  been  proposed  and  modified  as  experimentation 
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has  added  new  Information  (6-23),  However,  the  precise  environment 
of  each  acetylcholine  receptor  (AChR)  type  has  not  been  defined. 

This  report  defines  a  generalized  pharmacophore  acetyl- 
cholinoreceptor  environment  (AChRE)  model.  It  is  a  3r<iimensional 
description  of  a  composite  acetylcholine  receptor  and  of  the  relative 
geometric  positions  of  specific  compound  functional  groupr^receptor 
interaction  regions.  The  relationship  of  this  ’'generalized  AChRE’ 
model  to  the  AChE-acetylcholine  receptorr-ionophore  complex  and  its 
potential  application  in  the  above  research  as  a  compoundr-receptor 
interaction  reference  template  are  discussed, 

METHODOLOGY, 

A.  Chemical  Structures. 

A  search  was  made  for  studies  of  ligand  binding  on 
muscarinic  receptor,  nicotinic  receptor,  and  acetylcholinesterase 
and  for  relevant  physiological  studies.  Structures  of  the  compounds 
were  obtained  from  the  articles  C6r30)  or  from  various  drug 
description  indexes  C31-33) ,  Structures  of  chemical  compounds  from 
our  SAR  studies  were  also  used.  The  3rdimensional  configuration  of 
each  compound  was  constructed  using  Drelding  Stereomodels,  If  Xrray 
diffraction  analyses  or  crystal  structure  data  were  available,  this 
information  (14,  24-30)  was  employed  to  define  the  most  likely 
configuration;  if  not,  basic  stereochemical  principles  were  followed 
in  construction  of  the  molecules.  Table  1  gives  examples  of  the  types 
of  compounds  found  and  used  in  the  model  formulation.  The  compounds 
are  of  both  rigid  and  flexible  structure  types, 

B.  Compound -Cholinergic  Activity  ’Feature’  Selection, 

The  identification  of  the  compound  features  to  be  evaluated 
involved  consultation  with  experts,  literature  searches  and  analyses 
of  both  drug-<:holinergic  receptor  interaction  models  of  the  receptor 
types  (NAChR,  MAChR,  AChE)  being  investigated,  and  data  from  ’in 
vitro’  and  ’in  vivo’  biochemical  and  physiological  research  related 
to  the  cholinergic  system.  The  features  included  3-dlmensional 
geometric  interatomic  distances,  specific  compound  functional  groups, 
physicochemical  and  electronic  properties. 

Pattern  recognition  and  clustering  techniques  are  used  to 
identify,  rank,  and  quantify  these  features  as  to  their  relevance  to 
cholinergic  activity  and  to  proposed  compound-receptor  interaction 
models.  Of  the  3-dlmensional  conformational  receptor  (AChR  and  AChE) 
models  analyzed  for  significant  features,  the  concepts  and  models  of 
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Sommer  (18),  Golikov  (8),  Khromov-Borisov  and  Michel son  (10), 
Kabachnick  (16),  and  Pauling  and  Petcher  (14)  have  the  qualitatively 
’best  fit’  compound-receptor  feature  interface, 

C.  Design  of  the  ’Acetylcholinoreceptor ’  Model, 

The  3-dimensional  receptor  model  of  Pauling  and  Petcher 
(14)  was  used  as  an  elementary  template  amenable  ;  to  modification 
Snd  incorporation  of  features  based  upon  requirements  evolving  from 
Our  SAR  studies. 

The  overall  development  and  refinement  of  our  model  took 
place  in  three  phases; 

1.  (a)  The  3-dimenslonal  structures  of  the  rigid  neuro¬ 
muscular  blocking  agents  that  Pauling  and  Petcher  studied,  were 
built  using  Dreidlng  Stereochemical  models,  (b)  Using  these  compounds, 
their  drug-receptor  interaction  template  model  was  reconstructed  to 

a  Drelding  model  scale  for  a  definition  of  the  relative  positions  of 
each  proposed  binding  area  and  location  of  lipophilic,  hydrophilic, 
or  other  potential  compound-receptor  interaction  regions. 

2.  Using  the  Dreiding  models,  each  compound  noted  in 
section  A  was  constructed  and  superimposed  on  the  basic  template, 
with  specific  atoms  and  physicochemical  binding  regions  of  the 
compounds  oriented  for  a  ’best^  possible  fit.  Common  3— dimensional 
structural  features  of  these  compounds  and  their  potential  receptor 
binding  regions  were  defined. 

3.  Features  identified  in  section  B  were  incorporated  and 
the  results  were  then  applied  to  modify  the  basic  template.  In  this 
manner  specific  chemical  compound  bonding  areas  were  eliminated  and 
other  interaction  regions  and  physicochemical  and  macromolecular 
features  were  added  until  the  proposed  ’pharmacophore  acetylcholino¬ 
receptor’  model  was  developed, 

RESULTS .  -  ’pharmacophore  Acetylcholinoreceptor’  Environment  Model. 

A,  3-Dimensional  Geometric  and  Structural  Components. 

Figures  1  and  2  show  the  general  AChRE  model  and  its 
important  interaction  regions  as  conceptualized  within  a  folded  and 
partially  closed  or  restricted  area  of  a  continuous  membrane,  the 
lower  and  upper  surfaces  of  which  are  designated  as  A  and  B, 
respectively,  and  whose  inner  surfaces  are  at  most  4.8  &  apart. 
Specific  reaction  sites  and  locations  on  the  receptor  are  suggested 
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by  the  nature  of  the  chemical,  electronic,  or  physicochemical  binding 
potentials  and  characteristics  present  in  the  analyzed  compounds. 

It  is  important  to  note  that  the  model  does  not  necessarily  represent 
a  single  receptor  that  might  actually  be  found  in  vivo,  but  is  a 
composite  of  the  several  receptor  models  previously  noted  and  the 
modifications  and  inclusions  resulting  from  our  structural  studies. 
The  membrane  surfaces  serve  as  a  reference  framework  to  assist  in 
visualizing  and  defining  the  placement,  extent,  and  limitations  of 
various  compound  interaction  regions.  For  clarity,  the  convention 
used  to  define  the  electronic  (cation,  anion)  interaction  sites  of 
the  receptor  should  be  noted.  In  this  report,  these  sites  are 
defined  in  reference  to  the  electronic  charge  of  the  compound  inter¬ 
acting  at  these  areas.  By  definition,  the  cationic  site  of  the 
receptor  refers  to  a  negative  area  (labeled  in  the  figures)  to 
which  a  postively  charged  region  (cation)  of  a  compound  may  interact. 
The  anionic  site  of  the  receptor  refers  to  a  positive  area  (labeled 
©)  to  which  a  negatively  charged  (anion)  region  of  a  compound  may 
interact . 


The  basic  structural  features  (Figures  1,2, 3, 4, 5)  of  the 

model  are: 


1.  A  hydrophobic  or  van  der  Waals  interaction  ridge  shown 
as  a  3-dimensional  cloud  between  and  surrounding  the  cationic  sites. 
Eight  methylene  groups  can  be  accommodated  along  this  ridge  between 
the  cationic  regions.  This  is  in  agreement  with  the  Pauling  and 
Petcher  model  (14). 

2.  Two  cationic  sites,  designated  1  and  2,  separated  by  a 
distance  of  11  &  along  the  van  der  Waals  ridge  and  located  1.3  & 
above  Surface  A  (Figure  4),  These  sites  provide  binding  areas  for 

a  compound’s  positively  charged  atom  or  functional  group. 

3.  Three  anionic  sites,  designated  1,  2,  and  3,  one  of 
which  is  located  on  or  slightly  dimpled  into  Surface  A,  while  the 
others  are  located  on  Surface  B  (Figure  5),  optimally,  at  2.2  ft 
(Site  2)  and  2,3  ft  (Site  3)  above  Surface  A.  These  are  sites  of 
binding  for  an  oxygen  atom  or  oxygen  isosteres. 

4.  Two  planar  lipophilic  (hydrophobic)  or  charge 
transfer  binding  regions,  one  of  which  is  located  on  Surface  A  and  is 
about  the  size  of  the  planar  tricyclic  anthracene  ring  system.  The 
second  area  of  this  type  is  smaller,  about  the  size  of  a  benzene  ring, 
and  is  located  on  the  inner  side  of  Surface  B,  optimally  at  2.6  ft 
above  the  plane  of  Surface  A.  These  sites  provide  areas  for  planar 
group  interaction  with  the  receptor. 
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5,  Methyl  or  methylene  group  affinity  regions  are  defined 
around  both  cationic  sites  (Figure  3). 

6,  Conformational  allosteric  flexibility  of  the  receptor 
template,  i,e. ,  the  proposed  receptor  can  change  its  conformation 
causing  displacement  of  its  bonding  areas  and  thus  is  capable  of 
undergoing  "allosteric*^  changes. 

Figure  3  is  a  view  from  above  the  receptor  model.  This 
view  necessarily  superimposes  portions  of  some  features  but  shows  the 
interaction  regions  in  their  optimal  relative  positions  for  acetyl¬ 
choline  interaction.  All  referenced  distances  are  in  angstrom  units 
(R).  In  this  view  the  receptor  is  divided  into  4  quadrants  differen¬ 
tiated  by  X  and  Y  axes  which  are  orthogonal.  The  geometric  positions 
can  be  calculated  from  Figure  3  and  specific  chemical  atom  and 
structural  types  which  may  preferentially  interact  with  the  general 
regions  are  referenced. 

Figures  4  and  5  show  the  receptor  features  associated  with 
Surfaces  A  and  B.  The  cationic  sites,  van  der  Waals  ridge,  and 
methyl  or  methylene  group  affinity  regions  are  considered  as  common 
to  both  surfaces.  The  3-dimensional  perspectives  of  Figures  1  and  2 
illustrate  this  concept.  Cationic  site  2  is  located  in  an  environ¬ 
ment  that  is  more  lipophilic  or  hydrophobic  than  cationic  site  1. 

The  anionic  site  1  located  on  Surface  A  prefers  hydroxyl  -OH  type 
interaction.  Anionic  site  2  on  Surface  B  prefers  esteratie  oxygen 
-0-  or  sulfur  -S-  type  interaction  while  anionic  site  3  prefers 
carboxyl,  phosphoryl,  or  hydroxyl  type  bonds.  Also  on  Surface  A, 
there  is  an  additional  methyl  type  interaction  region  (C-9)  located 
adjacent  to  the  8  carbon  methylene  bridge  separating  the  two  cationic 
areas.  In  combination  with  methylene  binding  sites  C-5  and  C-6  on 
the  van  der  Waals  ridge,  this  site  forms  a  hydrophobic  pocket  for  a 
compound  (Neostigmine)  so  structured  as  to  require  an  affinity  for 
this  region. 

Surface  B  can  undergo  greater  allosteric  changes  than 
Surface  A.  These  changes  result  in  alterations  of  the  positions  of 
the  methylene  and  oxygen  binding  regions  (anionic  sites  2  and  3) • 
Surface  B  is  loosely  bound  to  Surface  A  so  that  it  can  easily  be 
Opened  along  the  hydrophobic  ridge  and  ’flap’  like  a  page  in  a  book 
(Figures  1  and  2).  The  degree  to  which  it  can  undergo  conformational 
change  is  limited.  The  maximum  possible  separation  of  the  inner 
faces  of  Surfaces  A  and  B  appears  to  be  4,8  8.  (14)  based  on  compounds 
thus  far  studied. 
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B .  Compound -Receptor  Model  Interactions. 

In  nerve  or  neuro -muscular  cholinergic  synaptic  systems, 
the  actual  *in  vivo*  position  of  true  acetylcholine  receptors  in 
relation  to  the  post-synaptic  membrane  and  the  synaptic  cleft  has 
not  been  definitively  established.  Our  model  can  be  positioned  to 
encompass  a  receptor  located  on  a  membrane  surface,  embedded  in  a 
membrane,  or  combinations  of  these  two,  with  the  possibility  of 
partial  extension  of  the  receptor  from  the  membrane  into  the  synaptic 
cleft.  In  Figure  2,  all  dimensions  and  positions  of  the  interaction 
regions  are  referenced  to  the  lower  plane  (Surface  A) .  In  this 
model,  compounds  interacting  with  Surface  A  are  not  hindered  by 
possible  ’receptor’  structural  components  located  on  the  Surface  A 
parallel  to  the  van  der  Waals  ridge  and  where  there  is  no  overlap  by 
Surface  B.  The  limitationson  a  compound  binding  to  Surface  A  are 
due  to  the  compound’s  inherent  lipophilic  or  it- it  characteristics  and 
to  its  degree  of  geometric  planarity. 

It  is  proposed  that  compounds  interacting  with  the  receptor 
approach  the  cleft  formed  by  Surface  A  and  the  van  der  Waals  ridge 
area.  In  order  to  attach  to  Surface  B,  a  compound  must  bind  to  the 
receptor  either  along  the  ridge  and  to  binding  areas  adjacent  to  the 
ridge,  or  in  some  manner  create  an  opening  between  the  two  surfaces, 
thereby  allowing  the  molecule  to  attach  to  the  TT-iT  regions  and/or  the 
anionic  binding  regions  of  Surface  B  that  are  otherwise  masked  by  the 
unknown  membrane  structural  components  above  and  to  the  right  of  the 
inner  face  of  surface  B  (see  Figures  1  and  2) .  As  is  Indicated  in 
the  figures,  and  symbolized  by  the  slit  in  the  right  end  membrane 
enclosing  the  subunit  model,  it  may  be  possible  to  enlarge  this 
area . 

C.  Compound-Receptor  Stoichiometry. 

The  stoichiometry  of  a  compound  interacting  with  the 
receptor  depends  on  its  geometrical  size,  the  positions  of  its 
potential  interaction  groups  relative  to  each  other  and  to  the 
receptor  binding  regions,  and  its  degree  of  llpophllicity  or  hydro- 
pliilicity.  Accordingly,  the  model  is  a  3-dlmensional  template  or 
puzzle  diagram  into  which  the  3-dimensional  structural  components  of 
the  compound  are  to  be  fitted.  One  or  two  molecules  of  a  compound 
may  bind  to  this  pharmacophore  model,  or  a  compound  may  not  bind  at 
all.  This  pharmacophore  receptor  model  can  accommodate  two  acetyl¬ 
choline  molecules.  As  shown  in  Figure  6,  the  molecules  are  bound  to 
the  common  cationic  areas,  to  the  hydrophobic  ridge,  and  to 
Corresponding  anionic  regions  of  Surface  B. 
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DISCUSSION  AND  RECOMMENDATIONS, 

A.  SAR  Studies. 

The  proposed  composite  model  contains  parameters  identified 
’qualitatively^  as  similar  to  those  suggested  for  the  various  types 
of  acetylcholine  receptors  CNAChR,  MAChR,  AChE) ;  it  should  not  be 
construed  as  one  specific  receptor  type^  The  Important  aspect  of 
this  model  is  that  it  can  be  used  in  biochemical  ligand  binding 
studies  and  SAR  cholinergic  activity  studies  as  a  basic  ’pharma¬ 
cophore’  template  for  compounds  or  mixtures  of  compounds  interacting 
with  the  cholinergic  system,  both  for  better  definition  of  the 
individual  receptor  environments  and  for  improvement  of  the  design 
of  drugs  having  a  desired  pharmacological  or  physiological  effect. 

The  model  can  be  used  to  locate  compound  substituent  groups  in 
relation  to  potential  interaction  areas  on  the  receptor  template; 
and  thereby,  one  can  use  more  efficiently  the  SAR  methods  of  Hansch 
(34)  or  others  (35,36)  in  the  analysis  of  congeneric  series  of 
compounds. 


Activities  that  can  be  investigated  include  toxicity, 
anticholinergic  activity,  cholinomimetic  activity,  anticonvulsant 
activity,  acetylcholinesterase  inhibition,  and  reactivation  of 
inhibited  enzymes  by  oximes. 

It  is  suggested  that  investigators  reconstruct  the 
proposed  model  (at  least  the  2-dlmensional  level  of  Figure  3)  to  the 
scale  of  stereomodels  (Dreiding)  and  then  use  the  model  to  position 
to  scale  stereomodels  of  the  compounds  of  Interest  for  their  ’best 
fit’  on  it.  It  is  recommended  that  the  model  be  constructed  in  two 
sections,  as  defined  previously,  and  the  sections  overlapped  with 
the  edge  of  Surface  B  positioned  above  Surface  A  along  the  axis 
formed  by  the  van  der  Waals  ridge  and  the  two  cationic  areas. 

Surface  A  should  be  placed  so  that  it  is  stationary  and  all  its 
binding  groups  remain  on  its  plane.  Surface  B  should  be  flexible  to 
allow  for  conformational  change  of  the  position  of  its  binding  groups 
due  to  interaction  of  the  compounds  on  the  receptor. 

In  SAR  analyses,  it  is  suggested  that  the  following 
features  be  included; 

1 .  Compound-Receptor  Interface.  -  A  compound  must 
penetrate  between  Surfaces  A  and  B  in  order  to  attach  to  the  binding 
areas  on  Surface  B.  It  cannot  penetrate  from  the  right  of  the 
hydrophobic  ridge  as  viewed  in  Figures  1  and  2. 
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2.  Stoichiometry.  -  Stoichiometry  Is  important  In  studying 
the  cholinomimetic  activity  of  a  compound.  Various  biochemical 
studies  (9,12)  Indicate  that  two  cholinergic  binding  sites  may  be 
Involved  In  the  mechanism  of  the  resultant  nervous  transmission.  It 
also  has  been  proposed  (12)  that  there  are  two  sites  on  the  AChR 
having  different  affinities  for  acetylcholine  molecules.  The 
hypothesis  Is  that  one  molecule-site  interaction  modifies  the 
receptor  conformation  to  allow  for  Interaction  of  the  second  molecule 
of  acetylcholine  at  a  second  site,  or  in  some  manner,  the  first 
interaction  modulates  the  activity.  The  resultant  pharmacological 
activity  of  a  compound,  therefore,  may  be  correlated  with  the  number 
of  molecules  that  can  bind. 

3,  Position  of  the  Compound  on  the  Model.-  It  is  suggested 
that  the  model  be  divided  into  4  regions  labeled  J,  K,  L,  M  as  In 
Figure  7.  Compounds  believed  to  bind  to  region  J  are  suggested 
primarily  as  antagonists  of  cholinergic  activity.  In  general,  this 
receptor  region  may  be  considered  a  regulatory  area  of  either  the 
AChR  or  AChE. 

Region  K  contains  the  hydroxyl  (OH)  oxygen  binding  area 
(anionic  site  1);  most  compounds  binding  here  are  anticholinergics. 

Regions  L  and  M  contain  interaction  areas  related  to  those 
of  compounds  having  agonistic  cholinomimetic  activity.  Generally, 
compounds  that  can  fit  one  molecule  In  these  regions  without  having 
part  of  its  structure  extended  Into  region  K  display  cholinomimetic 
activity.  Also,  regions  L  and  M  can  be  related  to  the  active  site 
of  acetylcholinesterase. 

Examples  of  compounds  positioned  to  the  receptor  and  their 
pharmacological  actions  are  as  follows: 

a.  Benactyzine  can  be  positioned  in  regions  K,  L,  and  M. 
Its  activity  is  anticholinergic. 

b.  Diazepam  fits  In  region  J.  It  is  an  anticonvulsant. 

c.  Phencyclidine  could  fit  all  4  regions.  Two  of  its 
molecules  can  be  positioned  without  sterically  hindering  each  other; 
one  molecule  positioned  in  regions  J  and  K  and  one  in  regions  L  and 
M.  Depending  on  dosage,  Its  action  can  be  Inhibition  of  AChE,  or 
interaction  on  the  AChR— ionophore  complex  (37) , 

d.  The  oxime,  2  Pam  Chloride  fits  all  4  regions.  The 
regions  (L,M)  are  assumed  to  be  similar  to  the  active  site  on  AChE 


112 


*ASHMAN,  THORNTON,  BROOME,  KING,  &  SACCO 

and  we  believe  these  regions  are  oxime  reactivation  activity  regions. 

The  possibility  also  exists  that  regions  ^^-J’^J^.^^y^ertS'^oxtoes  ^  ’ 

38)  are®  for  actions  occurring  at  regions  (L.M) .  Certain  oxlm 

may  also  Interact  with  the  AChR, 

e.  (39)  used  a  serle.  of  fluoraaaeM  ^yl^hollnea 

that  dleptayed  agonist  and  antagonist  activity  on  an  isolated  , 

ritTeL\fanJ 

Srie?;o  t^tTf-o^^e  ShLta  nolecru  «  2  acetylcholine 
molecules, 

4  of  Surfaces  A  and  B.  -  It  is  suggested  that 

a  neasuremeit  be^aken  of  the  inner 

compound  is  positioned  between.  Surfaces  A  and  B.  ^  ^ 

sepLation  may  indicate  antagonistic  ^holtaergic  a^io  P 
InLrferlng  with  the  ionophore  mechanism  (8,19),  Thi 
occurs  in  all  A  regions • 

B •  Dru^  Design  Studies, 

The  model  can  be  used  in  drug  design  studies  as  follows: 

1.  The  structural  and  physicochemical  feature  characteri¬ 
zation  of  compounds  for  isolation  of  efficacious  parameters  related 
to  cholinergic  and  AChE  activity. 

2.  Recommendation  of  new  compounds  to  test,  incorporating 
structural  and  physicochemical  features  suggested  by  the  model. 

3.  indication  of  possible  new  directions  (new  lead  series 
of  compounds  or  new  combinations  of  compounds  to  test)  that  may 
increase  efficacy  or  Improve  a  proposed  model. 

4  As  an  aid  in  the  development  of  mechanisltc  and 
structural  Models  of  the  ’in  vivo’  AChR-AChE-ionophore  complex. 

An  example  of  a  drug  design  study  where  the  ^ChRJ  “odel  has 
effectively  been  used  is  in  the  development  of  Improved  medical 
treatment  of  organophosphate  poisoning,  ^Sanophosphate  comp 

Soman  (Table  1)  is  an  anticholinesterase  agent.  ^ 

reported  that  Soman  can  attack  not  only  AChE 

high  concentrations  may  also  bind  to  the  nicotinic  ^^hR.  Our 
composite  receptor  model  predicts  this  possibility  and  allows  for 
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analyses  of  interactions  with  both  receptors.  Also,  two  molecules 
of  Soman  can  bind  to  the  model ,  In  essence,  a  compound  acting  not 
only  at  different  regions  of  the  individual  cholinergic  receptors, 
but  also  at  more  than  one  receptor  retype  poses  a  greater  toxicity 
hazard.  This  situation  would  probably  require  a  more  intense  medical 
Prophylactic  and  therapeutic  regimen. 

Classical  treatment  of  organophosphate  poisoning  involves 
the  use  of  an  oxime  for  reactivation  of  the  inhibited  AChE  and  the 
use  of  atropine  to  counteract  the  mnscartnic  effects  of  excess 
acetylcholine,  Kepner  and  Wolthuis  (41)  reported  on  the  therapeutic 
efficaciousness  of  the  oxime  HI'^6  and  atropine  against  Soman  posioning 
n  mice  and  rats.  Using  this  mixture,  via  intramuscular  route  of 
administration  in  mice,  a  protective  ratio  of  17  LD50  (42)  against 
Soman  poisoning  was  obtained.  Our  objective  was  to  increase  this 
protective  ratio  by  the  Inclusion  of  a  third  compound  into  the 
mixture.  Using  the  model  as  a  guide,  compounds  with  the  following 
characteristics  were  recommended  for  s3nitheses  or  to  be  obtained: 

(a)  stoichiometry  of  two,  (b)  oxygen  or  its  isostere  positioned  in 
relation  to  anionic  sites  2  and  3,  (c)  nitrogen  at  cationic  site  1, 

(d)  planar  tt-tt  structure  positioned  as  on  Surface  B;  (e)  rigid  ring 
structure  along  hydrophobic  ridge  (separation  of  Surface  A  from 
Surface  B) . 

The  compound  2 ^ethylamino-2 (2 -thienyl) cyclohexanone  has 
the  recommended  features  and  its  functional  groups  can  be  positioned 
geometrically  to  fit  the  model.  In  combination  with  HI^6  and  atropine^ 
it  had  a  protective  ratio  of  29  (42)  against  Soman  poisoning  when 

tested  as  above. 
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TABLE  1.  EXAMPLES  OF  CHEMICAL  COMPOUND  CONFIGURATIONS 


ACETYLCHOLINORECEPTOR  MODEL 


FIGURE  1.  THE  "PHARMACOPHORE  ACETYLCHOLINORECEPTOR”  SUBUNIT  ENVIRONMENT  MODEL. 
SURFACES  A  AND  B  ARE  CONTIGUOUS;  CROSSHATCHING  IDENTIFIES  AREAS  OF 
POSSIBLE  INTERACTION  OF  PLANAR  AROMATIC  MOIETIES  WITH  THE  RECEPTOR. 

THE  ANIONIC  AND  CATIONIC  AREAS  ARE  SHOWN  AS  SPHERES  WITH  THEIR  CHARGE 
NATURE  INDICATED;  THE  CLOUD  REPRESENTS  A  POTENTIAL  VAN  OER  WAALS 
INTERACTION  SPACE. 
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FIGURE  3.  TOP  VIEW  OF  THE  RECEPTOR  MODEL.  C,  Cg  REPRESENT  POTENTIAL  METHYLENE  CHAIN  BINDING  SITES 
EXTENDING  ALONG  THE  VAN  OER  WAALS  RIDGE  BETWEEN  THE  CATIONIC  SITES:  THE  LATTER  PROVIDE 
POSITIVELY  CHARGED  CATION  BINDING  AREAS,  C  9  AND  THE  UNSCRIPTED  C'»  AROUND  EACH  CATIONIC 
SITE  REPRESENT  METHYL  OR  METHYLENE  GROUP  AFFINITY  REGIONS.  CARBONYL.  ETHER,  OR  HYDROXYL 
OXYGEN  ATOMS  AND  ISOTERES  OF  OXYGEN.  S  OR  Se,  WOULD  BE  EXPECTED  TO  BIND  AT  THE  ANIONIC 
SITES  WHILE  THE  PLANAR  REGIONS  PROVIDE  SITES  FOR  AROMATIC  -  s  OR  LIPOPHILIC  INTERACTIONS. 
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FIGURE  4.  TOP  VIEW  OF  THE  RECEPTOR  FEATURES  ASSOCIATED  WITH  SURFACE  A  (SEE  FIGURES  ^  AND  2). 

THE  CATIONIC  AREAS,  VAN  OER  WAALS  RIDGE  AND  METHYLENE  AFFINITY  REGIONS  ARE  COM¬ 
MON  TO  BOTH  SURFACE  A  AND  B.  AND  ARE  SHOWN  FOR  CLARITY  AND  ORIENTATION  WITH 
REFERENCE  TO  FIGURE  3. 


FIGURE  5.  TOP  VIEW  OF  THE  RECEPTOR  FEATURES  ASSOCIATED  WITH  SURFACE  B.  THE  CATIONIC  AREAS. 

VAN  DER  WAALS  RIDGE  AND  METHYL  OR  METHYLENE  AFFINITY  REGIONS  ARE  COMMON  TO 
BOTH  SURFACE  A  AND  B  (REFER  TO  FIGURES  1  3). 
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FIGURE  6.  POSSIBLE  ACETYLCHOLINE  RECEPTOR  INTERACTION,  WITH  A  STOICHIOMETRY  OF  2. 


FIGURE  7  DIVISIONAL  QUADRANTS  OF  THE  PHARMACOPHORE  MODEL 


CHOLINORECEPTOR  ANALYSIS  QUADRANTS 
J  -  REGULATORY  AREA  (ANTAGONIST.* NON  COMPETITIVE!  L 
K  -  AREA  CONTAINING  OH  BINDING  SITE  ^ 


•AGONIST  BINDING  AREA  lESTERATIC  AND 
ANIONIC  REGIONS) 

•AGONIST  BINDING  AREA  (CATIONIC  REGION) 


•DEPENDING  ON  STRUCTURE  OF  COMPOUND  -  COMPOUNDS  BINDING  TO  THESE  AREAS  MAY  BE  ANTAGONISTS. 
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LARGE  HIGH  QUALITY  SINGLE  CRYSTAL  ALUMINUM  PHOSPHATE 
FOR  ACOUSTIC  WAVE  DEVICES 


THOMAS  R.  AUCOIN,  MR.,  *R0BERT  0.  SAVAGE,  MR.,  MELVIN  J.  WADE,  MR., 
JOHN  G.  GUALTIERI,  MR.,  and  ABRAHAM  SCHWARTZ,  MR. t 

USA  ELECTRONICS  TECHNOLOGY  AND  DEVICES  LABORATORY  (ERADCOM) 

FORT  MONMOUTH,  NEW  JERSEY  07703 
tl95  WOODCREST  ROAD,  OAKHURST,  NEW  JERSEY  07755 

INTRODUCTION 

Advanced  military  electronic  warfare,  secure  communication, 
and  surveillance/target  acquisition  systems  such  as  mini-RPV's, 

REMBASS,  and  mortar  and  artillery  locator  radars,  utilize  a  variety 
of  acoustic  wave  devices.  Typical  are  crystal  oscillators,  convolvers 
correlators,  bulk  and  surface  wave  filters,  resonators,  delay  lines, 
encoders,  and  decoders.  High  piezoelectric  coupling,  low  acoustic 
loss  (high  Q) ,  and  temperature  stability  are  critical  requirements  for 
materials  to  be  used  in  the  fabrication  of  next  generation,  high 
performance  devices.  Of  the  two  crystals  commonly  used  today,  quartz 
exhibits  temperature  stability  and  low  acoustic  loss,  while  lithium 
niobate  has  relatively  low  loss  and  high  coupling.  a-AlP04  offers 
the  highly  desirable  combination  of  all  three. 

Aluminum  phosphate  (a-AlP04) ,  also  known  as  the  mineral  Ber Unite, 
recently  emerged  as  a  promising  piezoelectric  material  for  acoustic 
wave  devices,  offering  one  the  unique  combination  of  high  electro¬ 
mechanical  coupling  with  requisite  temperature  stability.  Results  of 
Chang  and  Barsch  (1),  O'Connell  and  Carr  (2),  and  Ballato  (3,4)  show 
to  be  an  outstanding  candidate  for  military  signal  processing 

applications. 

AIPO4  is  in  the  same  crystal  class  as  quartz  (Class  32)  and 
similar  geometric  and  physical  properties  are  expected.  Computed 
piezoelectric  coupling  factors  based  on  the  measurements  of  Chang  and 
Barsch  (1)  translate  into  a  large  coupling  advantage  for  a-AlP04 
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over  a-quartz;  up  to  250%  for  bulk  resonators  and  400%  for  surface 
acoustic  wave  (SAW)  devices  as  shown  in  Figures  1  and  2  for  rotated 
y-  cuts.  This  coupling  factor  advantage  over  quartz  would  be  of  little 
practical  value,  if  it  were  not  for  the  fact  that  AIPO4  can  be  cut  to 
have  essentially  zero  temperature  coefficients. 

In  projecting  the  use  of  a  higher-coupling  temperature  stable 
material  such  as  a“-AlP04  in  acoustic  wave  device  applications,  several 
advantages  over  existing  materials  are  apparent.  AIPO4  devices  would 
have  lower  Insertion  losses  and  eliminate  the  need  for  ovens  to 
stabilize  temperature  when  compared  to  quartz  and  lithium  niobate 
components,  respectively.  One  could  then  expect  improved  device 
performance  and  system  reliability,  as  well  as  decreased  acquisition 
cost  and  power  consumption.  However,  the  evaluation  and  testing  of 
a-AlP04  in  prototype  components  has  been  precluded  by  the  poor  quality 
and  general  unavailability  of  single  crystals. 

Alpha-aluminum  phosphate  generally  crystallizes  in  a  pseudo- 
hexagonal  bipyramidal  habit  (Figure  3a)  possessing  no  planes  or  center 
of  symmetry _but  only  axe^s  of  S37mmetry.  The  major  and  minor  rhombo- 
hedra,  r  {lOll}  and  z  { 0111 },  are  predominant  forms  on  a-AlP04  crystals. 
The  major  rhombohedron  r  is  somewhat  larger  in  size  than  the  minor 
rhombohedron  z.  Prismatic  m  {lOlO}  faces  are  rarely  encountered  as 
contrasted  to  quartz  (Figure  3b),  and  usually  are  not  well  developed. 

a-AlP04  is  isoelectronic  and  isostructural  with  a-quartz 
undergoing  a  phase  transformation  at  approximately  584  C.  Because 
of  the  severe  strain,  cracking,  etc.,  which  is  created  when  cooling 
a  crystal  through  a  first  order  phase  change,  a  low  temperature 
growth  technique  is  required.  Standard  hydrothermal  growth  techniques 
using  saturated  solutions  of  AIPO4  diluted  phosphoric  acid  (H3PO4) 
have  been  used  by  several  investigators  (5-8)  in  Moreg  (9)  type 
autoclaves  at  temperatures  ranging  from  150^  C  to  400°C.  McBride  and 
Hills  (10)  grew  crystals  from  saturated  solutions  in  sealed  pyrex 
ampoules  heated  in  a  drying  oven.  In  all  articles  published  to  date, 
actual  crystal  growth  was  obscured  from  the  experimenter.  However, 
the  technique  reported  here  (11)  allows  one  to  visually  observe  real 
time  nucleation  and  growth  kinetics.  This  feature  has  allowed,  for  the 
first  time,  precise  determination  of  nucleation  temperatures | and  j 
optimum  temperature-ramp  rates  for  seeded  solution  growth.  ! Using  x-, 
y-,  Z-,  and  major  (r)  and  minor  (z)  rhombohedral  cuts  for  seed  plates, 
large,  high-optical-quality  single  crystals  have  been  grown  using  this 
method. 
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Figure  2 
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Figure  3.  Frequently  observed  morphological  habits  of  berlinite(a) 
and  quartz (b). 


EXPERIMENTAL 

The  solubility  of  a-AlPO^  in  phosphoric  acid  decreases  with  in¬ 
creasing  temperature  as  shown  in  Figure  4  from  data  by  Stanley  (5). 
Because  of  this  retrograde  solubility,  two  seeded  methods  are  generally 
used  to  grow  a-AlP04:  slowly  increasing  the  temperature  of  a  saturated 
solution;  and  mass  transport  from  a  nutrient  feed  in  a  reverse  temper¬ 
ature  gradient.  The  solubility  of  AIPO4  in  diluted  phosphoric  acid  is 
dependent  on  the  acid  concentration,  increasing  as  the  con¬ 
centration  Increases.  For  example,  at  175°  C,  0.6  mole  and  1.7  moles 
of  AIPO4  are  soluble  in  one  liter  of  5.0  molar  and  9.5  molar  H3PO4, 
respectively. 

In  attempting  to  obtain  bulk  crystals  of  high  perfection,  trial 
and  error  growth  runs  conducted  in  conventional  hydrothermal  auto¬ 
claves  were  found  to  be  very  time  consuming.  Little  or  no  information 
was  obtained  relating  to  the  origin  of  the  growth  defects  observed  in 
a-AlP04  crystals,  e.g.,  channeling,  twinning,  veiling,  cracking,  in¬ 
clusions,  etc.  A  hydrothermal  growth  system  was  designed  and  con¬ 
structed  (Figure  5)  which  allowed  the  direct  observation  of  crystal 
formation  during  free  nucleated  and  seeded  growth.  Growth  processes 
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Solubility  of  AlPO/,  (moles/liter)  in  6H  phosphoric  acid 

Figure  4.  Solubility /nucleatlon  of  a-AlPO^  in  6M  phosphoric  acid. 

such  as  etch^back,  nucleation,  veiling,  cracking  and  surface  rough¬ 
ening  are  all  easily  observable. 

A  Braun  precision  circulator,  capable  of  maintaining  tempera¬ 
tures  at  ±  0.004°  C  to  250°  C,  was  used  to  control  the  temperature  of 
a  silicone  oil  bath  contained  in  a  ten  liter  pyrex  jar.  This  jar  was 
placed  in  a  larger  pyrex  container  and  the  annular  space  filled  with 
silicone  oil  for  thermal  Insulation.  Heavy  wall  quartz  ampoules  up 
to  3mm  thick  were  selected  for  containment  of  growth  solutions  for 
several  reasons:  they  are  transparent;  withstand  vapor  pressures  to 
200  psi  or  more;  can  be  rapidly  quenched  without  danger  of  explosion 
(runs  must  be  quickly  cooled  and  crystals  removed  due  to  the  retro¬ 
grade  solubility  of  a-AlP04  in  H3PO4  as  noted  above) ;  and  can  be 
hermetically  sealed.  The  temperature  of  the  growth  solution  was  pre¬ 
cisely  programmed  by  Increasing  or  decreasing  the  total  resistance^ 
of  the  thermostat  in  the  circulator.  Ramp  rates  varying  from  0.05  C 
to  3.5°  C  per  day  could  be  obtained  by  this  technique. 

Since  high  purity  sources  of  AIPO4  are  not  generally  available, 
several  approaches  to  obtaining  satisfactory  starting  materials  were 
explored.  Our  early  growth  runs  were  made  from  saturated  solutions 
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of  twenty  five  year  old  Fisher  purified  AlPO^  used  by  Stanley  (5) . 

Upon  heating  this  material  to  1,000°  C  in  air  for  one  hour,  a  weight 
loss  corresponding  to  two  waters  of  hydration  was  observed.  X-ray 
powder  diffraction  patterns  taken  before  and  after  firing  confirmed 
the  Fisher  material  to  be  A1P0^*2H20.  Reagent  ACS  grade  H3P0;!j  was 
diluted  with  DI  water  to  6  molar  strength  and  used  to  dissolve  the 
AIPO4  powder.  As  seen  in  Table  I,  atomic  absorption  analysis  indi¬ 
cated  that  transition  metal  impurity  levels  were  very  low  in  these 
solutions. 

In  order  to  synthesize  our  own  supply  of  high  purity  starting 
materials,  the  following  approach  was  successfully  used.  De-ionized 
water  was  very  slowly  added  to  high  purity  phosphorus  pentoxide  (P2O5) , 
having  less  than  3  ppm  iron,  to  form  H3PO4.  This  reaction  was  very 
exothermic,  requiring  a  water  cooled  refluxer  to  prevent  vaporization 
losses.  High  purity  aluminum  (99.9999%)  was  then  reacted  with  the 
acid  to  form  an  AIPO4/H3PO4  solution.  The  amount  of  water,  P2O5,  and 
aluminum  was  carefully  calculated  to  yield  a  solution  of  the  correct 
composition  for  crystal  grovrth,  e.g.,  20  gms  AIPO4  per  100  ml  of 
6M  H3PO4.  Solutions  prepared  by  this  technique  contained  approxi¬ 
mately  one-half  the  amount  of  iron  and  up  to  seventy  times  less  chromium 
than  the  amounts  found  in  the  Fisher  based  solutions.  See  Table  I. 

The  concentration  of  AIPO4  in  H3PO4  investigated  during  this 
study  varied  from  15  gms  per  100  ml  to  22.5  gms  per  100  ml  of  acid. 

The  onset  of  crystal  growth  (nucleation)  was  determined  for  each  AIPO4 
concentration  by  carefully  monitoring  etch-back  and  growth  initiation 
on  oriented  seed  plates.  The  seeds  were  generally  used  as  cut  by  a 
wire  saw.  In  some  cases,  additional  seed  preparation  such  as  alumina 
polishing  or  ammonium  blfluorlde  etching  was  performed.  The  nuclea¬ 
tion  temperatures  obtained  for  AIPO4  concentrations  of  15.0,  20.0, 
and  22.5  gms  per  100  ml  (1.23,  1.64,  and  1.85  moles/liter  respectively) 
of  6M  H3PO4  are  shown  in  Figure  4 .  Having  established  the  nucleation 
temperature  for  several  concentrations,  the  effect  of  varying  tempera¬ 
ture  ramp  rates  from  0.1°  C  to  2.0°  C  per  day  on  crystal  perfection 
was  Investigated.  The  quality  of  the  growing  crystals  could  be 
directly  observed  as  a  function  of  the  rate  of  temperature  rise. 

The  quartz  ampoules  used  for  growth  were  filled  to  80%  of  their 
volume  with  the  desired  solution  and  sealed  with  or  without  seed 
crystals.  Up  to  eight  ampoules  could  be  placed  in  the  previously 
described  growth  apparatus  (Figure  5)  at  one  time.  Conventional  hydro- 
thermal  systems  would  require  eight  separate  pressure  vessels  for  the 
same  number  of  runs.  Ampoules  up  to  5cm  in  diameter  and  150  ml  in 
volume  were  used  with  seed  plates  consisting  of  x,  y,  z,  and  major 
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ND  “  Not  Detected 

TABLE  I.  Atomic  absorption  and  emission  spectroscopic  analysis  of  AlPO^  solutions 
and  a-AlPO,  crystals,  (ppm  by  weight /Eagle-Picher) 
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rhombohedral  faces.  The  temperature  of  the  system  was  raised  from 
room  temperature  to  a  point  several  degrees  below  the  nucleation 
temperature  to  effect  a  slight  etch  back  of  the  seed  plate  prior  to 
growth.  The  temperature  was  then  slowly  raised  until  the  seed  under¬ 
went  a  slightly  opaque  to  transparent  transition,  indicating  nucleation 
had  occurred. 

RESULTS/DISCUSSION 

The  key  factor  to  our  successful  growth  of  high-optical-quality 
single  crystals  of  a-AlPO^  was  the  development  of  a  visual,  hydro- 
thermal  growth  system.  The  ability  to  observe  real  time  seed  etch- 
back,  nucleation,.  and  veil  formation  at  the  seed/crystal  Interface  and 
in  the  bulk  crystal,  allowed  us  in  a  minimum  number  of  runs  to  ascer¬ 
tain  optimum  growth  conditions.  Figure  6  shows  two  examples  of 
a-AlP04  single  crystals  which  were  grown  on  free  nucleated  seed  crys¬ 
tals  suspended  by  3  mil  gold  wires.  A  saturated  solution  consisting 
of  20  gms  per  100  ml  of  6M  H3PO4  and  an  increasing  temperature  rate  of 
2°  C  per  day  was  used.  These  conditions  resulted  in  growth  rates  of 
approximately  15  mils  per  day  along  the  c-  axis.  Upon  inspection,  one 
observes  severe  etching  and  precipitate  formation  on  the  as-grown 
faces.  Inspection  of  interior  of  the  crystals  after  polishing  or 
immersion  generally  revealed  scattering  centers  and  some  cracks. 

Figure  7  shows  three  crystals  grown  from  the  same  concentration 
solution  as  those  in  Figure  6  except  the  rate  of  temperature  rise  has 
been  decreased  to  0.25  C  per  day.  High-optical-quality  (scatter-free) 
single  crystals  can  be  routinely  grown  on  x,  y,  z,  and  major  and  minor 
rhombehedral  faces  using  these  conditions.  It  is  possible  by  careful 
initiation  of  growth  to  completely  eliminate  veil  formation  at  the 
seed  crystal  Interface.  Growth  rates  along  the  c-  axis  on  basal- cut 
seeds  was  approximately  7  mils  per  day.  The  resulting  crystals  had 
excellent  optical  and  mechanical  properties  and  could  be  cut  in  any 
crystallographic  direction  using  a  wire  saw.  Crystal  plates  could  also 
be  lapped  and  polished  without  evidence  of  cleavage  and  fracture. 

Transition  metal  ions  and  in  particular  iron,  are  expected  to  be 
a  source  of  acoustic  loss  in  a-AlP04.  Chemical  analysis  of  the  ET&DL 
starting  solutions  (Table  I)  Indicate  both  a  low  iron  content 
(^  lOppm)  and  a  very  low  level  of  other  transition  metal  ions.  Emission 
spectroscopic  analysis  of  crystals  grown  from  these  solutions  show  the 
levels  of  iron  to  be  10  ppm,  while  silicon  is  on  the  order  of  50  :ppm 
except  for  HPAlPO-2  (100  ppm).  The  reason  for  the  higher  amount  of 
silicon  in  HPAlPO-2  may  be  that  this  run  was  approximately  twice  as 
long  as  the  others  and  leaching  of  the  quartz  ampoule  has  occurred. 
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Figure  6.  a-AlPO^  crystals  grown  from  6M  H3PO4  at 
temperature  ramp  rate. 


Figure  7.  a-AlP04  crystals  grown  from  6M  H3PO4  at 
temperature  ramp  rate. 
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Experiments  are  planned  to  investigate  the  effect  of  using  teflon 
lined  ampoules  on  silicon  impurity  level,  now  that  the  growth  param¬ 
eters  have  been  established  in  our  visual  system. 

Brazil  or  optical  twinning  is  very  common  in  a-AlPO^  while 
Dauphine  or  electrical  twinning  is  encountered  infrequently.  Brazil 
twinning  shows  straight  regular  boundaries  perpendicular  to  the  y- 
axis,  which  are  best  detected  by  etching  in  saturated  ammonium  bi¬ 
fluoride  solutions  at  room  temperature,  (Figure  8).  In  a  Brazil 
twinned  region  the  polarity  of  the  x-  axis  is  reversed.  A  con¬ 
sequence  of  extensive  Brazil  twinning  in  rotated  y-  cuts  is  a 
reduced  or  even  zero  piezoelectric  coupling  (12) .  The  twinning 
behavior  of  a-AlP04  is  simillar  to  that  of  the  amethyst  variety  of 
quartz.  Amethyst  almost  always  displays  Brazil  twinning  and  only 
rarely  Dauphine  twinning.  Since  the  Brazil  twinning  in  amethyst 
is  usually  related  to  the  iron  content,  it  is  possible  that  such 
twinning  in  a-AlPO^  may  also  be  Impurity  Induced. 


Figure  8.  Reflection  microphotograph  of  a  Brazil  twinned  basal  cut. 

The  sample  was  etched  in  saturated  ammonium  bifluoride 
for  14  minutes  at  room  temperature. 
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SUMMARY 


Recently  there  has  been  considerable  interest  in  the  potential 
for  using  single  crystal  a-AlPO,  in  a  variety  of  acoustic  wave  applica¬ 
tions.  This  interest  was  prompted  by  the  possibility  of  obtaining 
simultaneously  in  one  material,  the  properties  of  temperature  stability, 
low  acoustic  loss,  and  high  piezoelectric  coupling.  The  poor  quality 
and  general  lack  of  large  a-AlPO,  single  crystals  has  precluded  the 
evaluation  and  testing  of  this  material  in  the  desired  prototype 
devices.  This  situation  has  motivated  our  developing  a  novel  synthesis 
technique  for  attaining  such  crystals.  We  have  described  a  unique 
modificationCpatent  pending)  of  the  conventional  hydrothermal  growth 
method  which  yields  large  (>3cm),  high-optlcal-quallty  single  crystals. 
The  method  permits  continuous  visual  observation  of  the  pressurized 
crystal  growth  process  thus  permitting  close  control  of  real-time 
nucleation  and  growth  kinetics.  The  optimum  conditions  for  attaining 
high  quality  crystals  such  as  temperature-ramp  rates,  reagent  con¬ 
centration  and  purity,  system  design,  and  ampoule  configuration  have 
been  presented.  These  preliminary,  very  encouraging  results  have  led 
to  a  definition  of  the  barrier  to  attaining  low  loss  crystals  as 
being  related  to  impurity  content  of  the  starting  growth  solutions  and 
crystals,  and  Brazil  type  twinning.  Approaches  to  overcoming  these 
problems  have  been  delineated  and  are  now  being  Implemented. 
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INTRODUCTION 

Development  of  high-mobility /agility  tracked  combat  vehicles 
has  received  considerable  attention  recently  because  of  the  possibili¬ 
ties  they  offer  for  increased  battlefield  survivability  through  the 
avoidance,  by  high-speed  and  violent  maneuver,  of  hits  by  high- 
velocity  projectiles  and  missiles.  In  order  to  design  and  develop 
such  vehicles  rationally,  it  is  necessary  to  have  a  quantitative  under¬ 
standing  of  the  interrelationship  between  the  terrain  factors  (such  as 
soil  type,  soil  shear  strength  and  compressibility,  etc.)  and  the  ve¬ 
hicle’s  characteristics  (weight,  track  length  and  width,  location  of 
center  of  gravity,  velocity,  etc.)  during  steering.  To  study  such  an 
interrelationship,  it  is  necessary  to  construct  idealized  mathematical 
models  of  the  terrain-vehicle  interaction.  The  accuracy  and  range  of 
application  of  such  models  must,  of  course,  be  determined  from  actual 
mobility  experiments  and  obviously  must  depend  on  the  degree  of  rele¬ 
vance  of  the  idealized  model  as  an  approximation  to  the  real  behavior. 

The  basic  concepts  of  the  theory  of  terrain-vehicle  interac¬ 
tion  were  developed  by  Bekker  during  the  1950’ s  (1).  By  assuming  vari¬ 
ous  load  distributions  along  the  tracks,  Bekker  was  able  to  develop 
several  mathematical  expressions  relating  the  characteristics  of  the 
vehicle  and  the  tractive  effort  of  the  terrain  during  steering.  By 
considering  the  lateral  and  longitudinal  coefficients  of  friction  be¬ 
tween  the  track  and  the  ground,  Hayashi  (2)  developed  simple  equations 
for  practical  analysis  of  steering  of  tracked  vehicles.  Hayashi ’s 
work,  however,  did  not  include  the  effect  of  the  centrifugal  forces  on 
steering  performance  of  the  vehicle.  Kitano  and  Jyorzaki  (3) 
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developed  a  more  comprehensive  model  for  uniform  turning  motion  in¬ 
cluding  the  effects  of  centrifugal  forces.  This  model,  however,  is 
based  on  the  assumption  that  ground  pressure  is  concentrated  under 
each  road  wheel  and  the  terrain-track  interaction  is  simulated  by 
Coulomb-type  friction.  The  model  given  in  Kitano  and  Jyorzaki  was  ex¬ 
tended  by  Kitano  and  Kuma  (4)  to  include  nonuniform  (transient)  motion, 
but  the  basic  elements  of  the  terrain-track  interaction  part  of  the 
model  were  retained.  Baladi  and  Rohani  (5)  developed  a  model  for  uni¬ 
form  turning  motion  parallel  to  the  development  reported  in  Reference 
3  insofar  as  the  kinematics  of  the  vehicle  are  concerned.  In  contrast 
to  Reference  3,  however,  this  model  is  based  on  a  more  comprehensive 
soil  model.  In  the  present  paper,  the  terrain- vehicle  model  reported 
in  Reference  5  is  extended  to  include  nonuniform  (transient)  motion. 

In  addition,  the  soil  model  is  modified  to  include  a  nonlinear  failure 
envelope  describing  the  shearing  strength  of  the  terrain  material. 

To  demonstrate  the  application  of  the  model,  the  steering 
performance  of  an  armored  personnel  carrier  has  been  predicted  and 
correlated  with  full-scale  test  results. 

SOIL  MODEL 


Strength  Components 

One  of  the  most  important  properties  of  soil  affecting 
traff icability  is  the  in  situ  shear  strength  of  the  soil.  The  shear 
strength  of  earth  materials  varies  greatly  for  different  types  of  soil 
and  is  dependent  on  the  confining  pressure  and  time  rate  of  loading 
(shearing).  This  dependence,  however,  is  not  the  same  for  all  soils 
and  varies  with  respect  to  two  fundamental  strength  properties  of  soil: 
the  cohesive  and  the  frictional  properties.  It  has  been  found  experi¬ 
mentally  that  the  shear  strength  of  purely  cohesive  soils  (soils  with¬ 
out  frictional  strength)  is  independent  of  the  confining  stress  and  is 
strongly  affected  by  the  time  rate  of  shearing.  On  the  other  hand,  in 
the  case  of  purely  frictional  soil  (soils  without  cohesive  strength), 
the  shear  strength  is  found  to  be  independent  of  time  rate  of  loading 
and  is  strongly  dependent  on  the  confining  pressure.  In  nature,  most 
soils  exhibit  shearing  resistance  due  to  both  the  frictional  and  cohe¬ 
sive  components.  The  cohesive  and  frictional  components  of  strength 
are  usually  added  together  in  order  to  obtain  the  total  shear  strength 
of  the  material,  i.e.. 


=  A  -  M  exp  (“No) 

where  is  the  maximum  shearing  strength  of  the  material. 


(1) 
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C  =  A  “  M  is  the  cohesive  strength  of  the  material  corresponding  to 
static  loading  (very  slow  rate  of  deformation),  a  is  normal  stress, 
and  N  is  a  material  constant.  Equation  1  is  shown  graphically  in 
Figure  1. 


Figure  1.  ^Proposed  failure  rela-  Figure  2.  Proposed  soil-stress/ 
for  soil.  deformation  relation  during 

shearing  process. 

Effect  of  Rate  of  Deformation 

As  was  pointed  out  previously,  the  cohesive  strength  of  the 
material  is  dependent  on  the  time  rate  of  loading  (shearing);  i.e., 
the  cohesive  component  of  strength  increases  with  increasing  rate  of 
loading.  For  the  range  of  loading  rates  associated  with  the  motion  of 
tracked  vehicles,  the  contribution  to  cohesive  strength  due  to  dynamic 
loading  can  be  expressed  ^s  Cd[l  -  exp(-AA)]  ,  where  and  A  are 

material  constants,  and  A  is  time  rate  of  shearing  deformation.  In 
view  of  the  above  expression  and  Equation  1,  the  dynamic  failure  cri¬ 
terion  takes  the  following  form: 

=  A  +  Gd  [l  -  exp(-AA)]  -  M  exp(-Na)  (2) 

Shear  Stress-Shear  Deformation  Relation 

Prior  to  failure,  the  shear  stress-shear  deformation  charac¬ 
teristics  of  a  variety  of  soils  can  be  expressed  by  the  following 
mathematical  expression. (6) : 
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M 


(3) 


The  behavior  of  Equation  3  is  shown  graphically  in  Figure  2.  In  Fig¬ 
ure  2,  T  denotes  shearing  stress,  A  is  shearing  deformation,  and 
G  is  the  initial  shear  stiffness  coefficient.  In  view  of  Equation  2, 
the  shear  stress-shear  deformation  relation  for  soil  (Equation  3) 
becomes 

GTA  +  Cj  -  Cj  exp(-AA)  -  M  exp(-Na)]  A 

T  - - - - - - ^ : -  (4) 

G|a|  +  A  +  Cj  -  exp(-AA)  -  M  exp(-Na) 

For  purely  cohesive  soils,  N  =  0  and  x  is  only  a  function  of  A 
and  A  .  For  granular  material,  M  =  A  and  is  zero,  and  x  is 

a  function  of  A  and  a  .  For  mixed  soils  exhibiting  shearing  resis¬ 
tance  duetto  both  frictional  and  cohesive  components,  x  is  dependent 
on  A  ,  A  ,  and  a  .  In  the  following  section,  the  equations  of  mo¬ 
tions  for  a  track-laying  vehicle  during  steering  are  developed  using 
the  proposed  soil  model  (Equation  4)  in  conjunction  with  track  slip¬ 
page,  centrifugal  forces,  and  vehicle  characteristics. 


DERIVATION  OF  TERRAIN-VEHICLE  MODEL 


Boundary  Conditions 

The  geometry  of  the  vehicle  and  the  boundary  conditions  of 
the  proposed  model  are  shown  schematically  in  Figure  3.  The  XYZ  co¬ 
ordinates  are  the  local  coordinate  system  of  which  X  is  always  the 
longitudinal  axis  of  the  vehicle  and  Y  is  a  transverse  axis  parallel 
to  the  ground.  These  axes  intersect  at  the  center  of  geometry  of  the 
vehicle  0  .  The  Z  axis  is  a  vertical  axis  passing  through  the  ori¬ 
gin  0  .  The  center  of  gravity  of  the  vehicle  (CG)  lies  on  the  X 
axis  and  is  displaced  by  a  distance  Cx  from  the  origin.  The  numeri¬ 
cal  value  of  Cx  is  assumed  to  be  positive  if  CG  is  displaced  for¬ 
ward  from  the  center  of  geometry  of  the  vehicle.  The  XY  coordinates 
of  the  instantaneous  center  of  rotation  ICR  are  P  +  Cx  and  R  , 
respectively,  where  P  is  the  offset.  The  center  of  rotation  and  the 
radius  of  the  trajectory  of  the  CG  are,  respectively,  CR  and  Rq  . 
The  height  of  the  center  of  gravity  measured  from  ground  surface  is 
denoted  by  H  .  The  length  of  the  track-ground  contact,  the  track 
width,  and  the  tread  of  the  tracks  are  L  ,  D  ,  and  B  ,  respectively. 
As  shown  in  Figure  3,  the  components  of  the  inertial  forces  F^  in 
X  and  Y  directions  are,  respectively,  Fq^  and  F^y  •  The  weight 
of  the  vehicle  is  W  . 
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Figure  3.  Geometry  and  boundary  conditions  of  the  terrain-^vehicle 
model. 

Stress  Distribution  Along  the  Tracks 

Two  types  of  stress,  i.e. ,  normal  and  shear  stresses,  exist 

along  the  track.  As  indicated  in  Figure  3,  the  normal  stresses  under 

the  outer  and  inner  tracks  are  denoted  by  Ri(X)  and  R2(X)  ,  re¬ 
spectively.  The  components  of  the  shear  stress  in  X  and  Y  direc¬ 
tions  are  respectively,  T]^(X)  and  Qi(X)  for  the  outer  track,  and 

T2(X)  and  Q2(X)  for  the  inner  track.  These  stresses  are  dependent 
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on  the  terrain  type,  vehicle  configuration,  and  speed  and  turning 
radius  of  the  vehicle. 


The  magnitude  of  normal  stresses  Ri(X)  and  R2(X)  can  be 
determined  in  terms  of  the  components  of  the  inertial  force,  the  track 
tensions,  and  the  characteristics  of  the  vehicle  by  considering  the 
balance  of  vertical  stresses  and  their  moments  in  Figure  3.*  Thus: 


Ri(x)  = 

dL 


2 


F 

h 

b  W 


-  6hx 


(5) 


1^2 


I* 


6xc 


X 


F 

.  h  CY 
b  W 


“  6hx 


CX 

W 


(6) 


where  h  ==  H/L  ,  b  =  B/L  ,  d  =  D/L  ,  cx  =  ,  x  =  X/L  ,  y  =  Y/L  , 

and  z  =  Z/L  . 


The  components  of  the  shear  stress  in  the  X  and  Y  direc¬ 
tions  along  both  the  outer  and  inner  tracks  can  be  obtained  by  com¬ 
bining  Equations  4,  5,  and  6.  Thus  (it  is  noted  that  R^  and  R2 
replace  the  normal  stress  a  in  Equation  4) 

da  +  dc^  -  dc^  exp(-A6^)  -  m  exp[-nr^(x)]j 


Ti(x)  =  ^ 
Xj 


Vi|6^|d+da+dc^-dc^exp(-;)^ -  m  exp[-nr^(x)j 


cos  Y. 


(7) 


Q.  (x)  =  ^  y6 
L 


da  +  dc^  -  dc^  exp(-X6^)  -  m  exp[-nr^(x)] 


lj|6^|d+da+dc^-dc^exp(-p^J^)  -  m  exp[-nr^(x)J 


sin  Y^  (8) 


where  i  =  1,2  ;  r.(x)  =  dL2R£(x)/W  6^  =  A^/L  ;  =  A  /L  ;  y  = 

GL  /W  ;  X  =  AL  ;  a  =  AL  /W  ;  m  =  ML^/W  ;  n  =  NW/L^  ;  and  c^  = 
C^jL^/W.  The  variables  and  Y2  >  Equations  7  and  8,  are  the 

slip  angles  and  can  be  written  as 


Y 


1 


Y 


2 


tan 


tan 


tan 


tan 


(9) 


*  For  sake  of  brevity,  the  effect  of  track  tension  is  not  included  in 
this  paper.  The  reader  is  referred  to  Referencd  7  for  a  complete 
analysis  of  track  tension  and  its  effect  on  steering  performance  of 
tracked  vehicles. 
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where  =  C^/L  ,  ^2  ^  parameter  Ci  is 

the  distance  between  the  instantaneous  center  of  rotation  of  the  outer 
track  and  its  axis  of  S3mimetry,  and  C2  is  the  distance  between  the 
instantaneous  center  of  rotation  of  the  inner  track  and  its  axis  of 
symmetry. 


In  order  to  use  Equations  7-9,  the  track  slip  velocities  and 
displacements  (i.e.,  Ai  >  Aj  ,  A2  >  and  A2) ,  and  the  inertial 
forces  Fqx  and  F^y  >  have  to  be  determined. 

Kinematics  of  the  Vehicle 


A  tracked  vehicle  in  transient  motion  is  shown""  schematically 
in  Figure  4,  The  XYZ  coordinates  are  the  local  coordinate  systems 
that  are  fixed  with  respect  to  the  moving  vehicle  (also  see  Figure  3). 
The  origin  0  of  this  coordinate  system  stays,  for  all  time,  at  a 
distance  from  the  center  of  gravity  of  the  vehicle.  The  co¬ 

ordinate  system  is  fixed  on  level  ground,  and  its  origin  coincides 
with  the  center  of  gravity  at  time  zero.  The  vehicle  can  maneuver  on 
the  plane  and  the  displacements  of  the  center  of  gravity  of  the 

vehicle  from  this  reference  frame  are  ^(t)  and  ^(t). 


The  velocities  v^^  and  Vy  (relative  to  the  origin  of  the 
coordinate  system)  as  well  as  the  velocities  v\j/  and  are  re¬ 

lated  to  the  instantaneous  velocity  v  of  the  CG  by 
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(10) 


The  side-slip  angle  a  ,  which  is  the  angle  between  the  velocity  vec¬ 
tor  V  and  the  longitudinal  X  axis  of  the  vehicle,  is  related  to 


the  velocities  v^^  and  Vy  as 


a  =  tan 


1  ll  ^  =:  Y 

Vy  ’  dt==V 


dv, 
X  dT 


dv 


^  d0  do) 

®  ■  “  -  “  •  dF"  d?- 


■  ^Y 

X  /  2 

dt  //^ 

(11) 

0 

are  related  to 

a  as 

da 

dt 

(12) 

Substitution  of  Equation  11  into  Equation  12  leads  to 

dv, 

X  dt 


d©  =  do)  _  / 
dt  dt  y  ] 


dt  )r 


(13) 


The  radius  of  curvature  of  the  trajectory  of  the  center  of 
gravity  (i.e.,  the  distance  between  CR  and  CG  ,  Figure  3)  is 

— - ^ - T- 

dt  dt  ^Y  dt 


p  /d© 

R  =  v/^t:  = 
o  /  dt 


The  coordinates  of  the  trajectory  of  the  center  of  gravity  of  the 
vehicle  can  be  written  as 

t 

'^(t)  =  -/v  cos  0  dt 


<l>(t)  =  /v  sin  0  dt 


(15) 


The  coordinates  of  the  instantaneous  center  of  rotation  (ICR) 
of  the  hull  in  the  XY  systems  (X-^  ,  Y^)  and  the  instantaneous  radius 

of  curvature  are  (Figure  3) 


Xt  =  P  +  C 
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-Y/f  +  C 
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and 


Yt  =  R  =  V 


dco 
X  dt 
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r2+  p2 
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Track  Slip  Velocity  and > Displacement 


Assume  that  Vg^  (vg^  ^  A]^)  and  Vg2  (Vg2  =  A2)  are  the 
slip  velocities  of  geometrically  similar  points  of  the  outer  track  and 
the  inner  track,  respectively.  The  X  and  Y  components  of  these 
velocities  can  be  shown  to  be 


sXl 


dci) 

1  dt 
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do) 

dt 


''sYl  ■  -  V  ^  ^  -  ’y 


For  the  outer  track 
(17) 


^  d(ja  ^  _  do) 

’^sX2  ^2  dt  ^2  ^  dt 


’^sY2  "^sYl 


For  the  inner  track 


The  angular  velocity  doo/dt  and  R  can  be  written  as 


do)  _  . 

dt  bL  ^^Xl 


1 


"^sXl  ^X2  ’^sX2^ 


^  -  ^sXl  ^  \2  -  \X2> 

dt 

where  vxi  =  the  velocity  of  the  outer  track  in  X  direction 
Vx2  ^  the  velocity  of  the  inner  track  in  X  direction 

The  ratio  of  v^^  and  Vx2  is  defined  as  the  steering  ratio  e 
Thus , 


(18) 


(19) 


e  =  (20) 

Substitution  of  Equations  16  and  20  into  Equation  19  leads  to 

For  the  outer  track  (21) 


^sXl  ^^X2 


/  ^  bL  do) 


sX2 


”  ^X2  ”  \  X  ”  ^  ^  inner  track 


(22) 


Comparison  between  Equations  21  and  22  and  Equations  17  and  18  results 
in 


Cl  =  (ev^o  -  vj  /(L  4rl  - 


X2 


X' 


dt 


(23) 
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(24) 


The  slip  velocities  and  displacements  of  the  outer  and  inner  tracks 
can  be  obtained  from  Equations  17,  18,  21,  and  22.  Thus, 


/r  dm  /-.2  ,  r  . 

V  g  dt\r2  ■  do) 


1  ^2  f^\2 

-  - 1  r  “  A  — 


dt  + 


12 


(25) 


(26) 


(27) 


where  t^  =  (L/2  -  X)/Vjjj^ 
=  (L/2  -  X)/Vjj2 


=  Initial  displacement  of  the  outer  track 
^12  ~  initial  displacement  of  the  inner  track 


The  balance  of ‘ forces  and  moments  dictates  that  these  initial  displace 
ments  be  numerically  equal  to  is  the  coefficient  of  rolling 

resistance  which  must  be  measured  experimentally  for  each  soil  type 
and  each  vehicle) . 


Inertial  Forces 


The  X  and  Y  components  of  the  inertial  force  can 
shown  to  be  (7). 

F  =  W 
CX  g 

The  Rolling  Resistance 
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be 


(28) 


The  rolling  resistance  is  a  function  of  terrain  type,  vehi¬ 
cle  speed,  track  condition,  etc.  Therefore,  rolling  resistance  should 
be  measured  for  every  specific  condition.  In  this  formulation,  how¬ 
ever,  the  rolling  resistance  is  assumed  to  be  proportional  to  normal 
load.  Thus, 
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(29) 


Equations  of  Motion 

If  .  • 

Steerability  and  stability  of  tracked  vehicles  depend  on  the 
dynamic  balance  between  all  forces  and  moments  applied  on  the  vehicle. 
According  to  Figure  4,  the  following  three  equations  govern  the  motion 
of  the  vehicle:  \ 


J  [tj^(x)  +  t2(x)]  dx  -  <5^  ^2 


dx  =  fg^  (30) 


f  [qj(x)  +  q2(x)]  dx  =  ^CY 
1 


(31) 


/  [qi(x)  +  q2(x)](x  -  c^)  dx  +  ^  [t^(x)  -  t2(x)]  dx 


+  4 


I  ^2 

z  d  0) 


(32) 


where  t^(x)  =  dL^  Tj(x)/W  ,  t2(x)  =  dL^  T2(x)/W  ,  q^dx)  =  dL^  Qj(x)/ 
W  ,  q,(x)  =  dL^  Q„(x)/W  ,  f  =  F  /W  ,  and  f^^  = 


and  I  =  mass  moment  of  inertia  about  an  axis  passing  through  the 
center^of  gravity  of  the  vehicle  and  parallel  to  the  Z  axis  (Figure 
3).  Equations  30  through  32  with  the  aid  of  Equations  7  through  29 
constitute  three  equations  that  involve  three  unknowns.  The  three  un¬ 
knowns  are  either  Vjj  ,  du/dt  or  »  ^2  *  p  .  In 

order  to  obtain  a  complete  solution  for  either  of  the  two  sets  of  un¬ 
knowns,  one  of  the  following  driving  conditions  must  be  specified: 
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(a)  time  history  of  the  steering  ratio  e(t)  and  the  initial  speed  of 
the  vehicle,  (b)  time  history  of  the  velocity  of  the  individual  tracks 
and  vx2(t)  and  the  initial  speed  of  the  vehicle,  (c)  time 
history  of  the  velocity  of  the  vehicle  v(t)  and  the  trajectory  of 
motion,  (d)  time  history  of  the  velocity  of  the  vehicle  and  a  constant 
value  of  steering  ratio  e  ,  or  (e)  the  trajectory  of  motion  and  a 
determination  of  the  maximum  velocity  time  history  at  which  the  vehi¬ 
cle  can  traverse  the  specified  trajectory.  A  computer  program  called 
AGIL  was  developed  to  solve  Equations  30  through  32  using  Newton’s 
iteration  technique.  In  addition,  this  computer  program  has  the  capa¬ 
bility  of  calculating  the  power  requirements  at  the  sprockets  (7). 

Correlation  with  Test  Results 

In  order  to  determine  the  accuracy  and  range  of  application 
of  the  terrain-vehicle  model,  a  series  of  steering  tests  was  conducted 
on  several  different  terrains  with  various  soil  strengths  in  the  vi¬ 
cinity  of  Vicksburg,  Mississippi.  The  tracked  vehicle  used  for  these 
experiments  is  an  armored  personnel  vehicle  with  characteristics; 
w  =18,000  lb  ,  L  =  105  in.  ,  H2  =  35.7  in.  ,  D  =  15  in.  ,  b’= 

90  in.  ,  I2  =  92,000  lb-in. -sec2  and  Cx  =  0  .  Each  experiment  in¬ 
volved  steering  the  vehicle  in  a  circular  path,  by  first  accelerating 
the  vehicle  to  a  maximum  speed  (controlled  by  either  the  available 
power  or  the  stability  conditions  of  the  vehicle)  and  then  continue 
turning  with  a  more  or  less  constant  speed.  Data  collected  during 
each  test  consisted  of  time  histories  of  (a)  the  inner  and  outer  track 
velocities,  (b)  the  speed  of  the  vehicle,  (c)  the  turning  radius,  and 
(d)  the  power  requirement.  In  addition,  for  each  terrain  several  in 
situ  direct  shear  tests  were  conducted  to  characterize  the  soil  and  to 
determine  the  parameters  of  the  soil  model.  The  results  of  these 
steering  tests  are  presently  being  analyzed  for  correlation  and  com¬ 
parison  with  the  terrain-vehicle  model  predictions.  The  result  of  one 
of  the  tests  which  was  recently  analyzed  and  correlated  with  model  pre¬ 
diction  is  presented  in  this  paper.  This  particular  test  was  conducted 
on  a  soft  clay  soil  with  characteristics:  G  =  200  psi/in.  ,  A  = 

5  psl  ,  M  =  4.06  psl  ,  N  =  0.22  1/psi  ,  Cd  =  0.61  psl  ,  kd  A  = 

3.68  sec/in.  The  coefficient  of  rolling  resistance  for  the  vehicle 
was  measured  experimentally  and  has  a  value  =  0.2  . 

To  correlate  the  test  data  with  model  predictions,  the  mea¬ 
sured  time  histories  of  the  inner  and  outer  track  velocities  were  used 
to  drive  the  model.  For  these  specified  driving  conditions,  the  time 
histories  of  the  vehicle  speed  and  power  requirements  were  then  pre¬ 
dicted  and  compared  with  the  corresponding  field  measurements.  Figures 
5a  and  5b  depict  the  time  histories  of  the  inner  and  outer  track 
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Figure  5a,  Inner  track 
velocity’-time  history. 


Figure  5c,  Vehicle  velocity- 
tiine  history,  field  measurement 
versus  model  prediction. 


Figure  5b.  Outer  track 
velocity^time  history. 


Figure  5d,  Total  power^time 
history,  field  measurement 
versus  model  prediction. 
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velocities,  respectively.  As  observed  from  these  figures,  the  actual 
field  measurements  are  quite  noisy  during  the  steady  state  portion  of 
the  steering  (i.e.,  for  times  greater  than  approximately  60  sec). 

These  high  frequency  oscillations  are  believed  to  be  mostly  due  to 
instrumentation  and  must  be  filtered  out.  The  filtered  records  are 
also  shown  in  Figures  5a  and  5b  and  are  simply  "best"  fit  curves  to 
the  field  measurements  satisfying  the  condition  that  the  total  area 
under  both  curves  should  be  equal.  These  filtered  track  velocity-time 
histories  were  used  as  input  to  drive  the  terrain-vehicle  model. 

Comparisons  of  the  predicted  time  histories  of  the  vehicle 
speed  and  power  requirements  during  steering  with  the  corresponding 
field  measurements  are  shown  in  Figures  5c  and  5d.  Similar  to  Figures 
5a  and  5b,  the  field  measurements  are  quite  noisy  during  the  steady 
state  steering.  The  predicted  results,  of  course,  do  not  manifest 
these  oscillations  because  of  the  filtering  of  the  input  data.  The 
degree  of  correlation  of  the  predicted  and  measured  results,  however, 
is  quite  good,  indicating  that  the  modeling  of  the  overall  interaction 
between  the  soil  and  the  track  is  physically  reasonable. 
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INTRODUCTION 

\ 

Exceedingly  stringent  frequenc^  control  requirements  follow 
from  the  performance  specifications  of  the  latest  generations  of 
command,  control,  communications,  &  intelligence  (C  I)  systems,  and 
systems  for  navigation  and  position  locA^lon,  Uilfortunately ,  the 
crystal  resonators,  which  are  the  stabilizing  elements  in  the  refer¬ 
ence  oscillators  required  in  such  systems  ,\ ate  frequency  sensitive  to 
acceleration  fields  produced  by  the  dynamic  environments  surrounding 
land-  and  air-  mobile  use.  These  resonators  ark  also  susceptible  to 
frequency  shifts  due  to  transient  temperature  Wriatlohs  and  static 
stresses  transmitted  by  their  electrode  and  mounyliig  syk^ems.  The 
acceleration  effects  lead  to  degradation  of  the  shbit-terta  frequency 
stability,  while  the  stress  component  contributes  primarily  to  long¬ 
term  aging  and  to  distortions  of  the  frequency-teih^eriturs  behavior 

of  the  oscillator.  '  \  ^  \  ■ 

;  ,\  \  \-  - 

This  paper  describes  quartz  resonators  that' pVoviHe  simultan¬ 
eous  compensation  against  both  dynamic  and  static  cohd^tlons,  \and 
that  are  compensated,  moreover,  against  rapid  temperature  transients 
encountered  in  fast-warmup  oscillators  for  manpack  use.^  ^  \ 

The  acceleration  problem  is  minimized  by  utilizing 'a  yoVel 
monolithic  compound  vibrator  having  a  racemic  structure  nullify 
the  frequency  shifts.  Static  compensation  is  achieved  by  meSns  ,of 
unique  lateral  mounting  contours,  located  so  that  nonlinear  elastic 
constants  cancel.  Compensation  of  thermal  transients  comes  \aboutAby 
use  of  a  special,  doubly  rotated  orientation  of  cut.  We  show  thatXall 
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three  features  may  be  realized  at  one  time  to  yield  a  highly  stable 
quartz  resonator  immune  to  accelerations  in  any  direction,  and  to 
boundary  stresses  and  thermal  transients.  No  additional  electronics 
are  required,  nor  are  increases  in  size,  weight,  and  power  require¬ 
ments  necessary. 

The  resulting  units  are  applicable  to  a  wide  variety  of  high 
precision  frequency  control  uses,  such  as  oscillators  in  shock/vibra¬ 
tion  environments  (tanks,  helicopters),  sensors,  position  location 
(GPS),  and  collision  avoidance  systems.  An  examination  of  these 
various  systems  uses,  or  derivations  of  the  frequency  control  require¬ 
ments  from  performance  specifications  in  any  detail  are  not  permitted 
due  to  space  limitations. 

The  stringency  of  the  frequency  control  requirements  imposed 
by  time-ordered  secure  operation  in  combat  environments  is  such  that 
they  could  not  be  met  by  conventional  crystal  resonators.  The  effects 
of  vibration  alone  on  conventional  resonators  would  degrade  their 
performance  to  the  point  where  the  unthinkable  would  be  necessary: 
tanks  and  helicopters  would  have  to  turn  off  their  motors  in  order  to 
communicate! 

Fortunately,  recent  breakthroughs,  mentioned  briefly  above, 
are  available  to  permit  the  requirements  to  be  met.  These  develop¬ 
ments  are  consistent  with  the  chronology  of  progress  in  timekeeping 
accuracy  shown  in  Figure  1  (1) .  The  entry  marked  "quartz  crystal” 
is  representative  of  a  laboratory  standard  of  conventional  design, 
using  an  AT  cut  crystal,  and  protected  to  the  greatest  possible 
extent  from  environmental  disturbances.  Its  fractional  frequency 
stability  is  about  5  parts  in  10^.  Contrast  this  with  a  requirement 
of  the  Global  Positioning  System  (GPS)  calling  for  100  meter  range 
accuracy.  To  hold  this  accuracy  for  one  day  requires  a  stability  of 
100m/(3*10®  m/s  *  86,400s)!ii  4x10*^^^  or  about  a  factor  of  one  thous¬ 
and  better  than  the  conventional  laboratory  standard  of  some  years 
ago. 


A  parallel  to  GPS,  as  well  as  a  contrast,  is  furnished  by 
another  entry  on  Figure  1:  the  marine  chronometer  built  by  John 
Harrison  in  1759  (2).  Its  purpose  was  to  determine  longitude  at  sea 
by  accurately  keeping  London  time  for  comparison  with  local  time 
determined  on  board  ship  from  measurements  of  the  sun  or  stars.  Pen- 
dula-controlled  escapements  (Huygens,  1660)  had  proved  useless  at  sea 
except  in  a  dead  calm,  Harrison  improvised  new  techniques  to  reduce 
the  influences  of  ship  motion  and  other  environmental  effects,  and 
won  the  JE20,000  prize  offered  in  1714  for  a  device  that  would  deter¬ 
mine  the  longitude  within  30  minutes  of  arc  (^^56  km).  The  56  km  of 


152 


V 


*BALLATO  &  LUKASZEK 


Harrison's  time  has  shrunk  to  100  meters  In  the  GPS  program  (10  meters 
In  the  secure  mode) ,  but  the  environmental  factors  that  must  be  over¬ 
come  now  are  much  the  same  as  those  he  had  to  contend  with:  primarily 
temperature  and  motional  effects. 

We  have  mentioned  GPS  because  of  the  obvious  and  Interesting 
comparison  with  work  more  than  two  centuries  old;  It  must  be  emphasiz¬ 
ed,  however,  that  the  environmental  hardening  features  to  be  addressed 
below  apply  with  equal  cogency  to  other  systems  such  as  JTIDS,  NIS, 
SINCGARS,  SEEK  TALK,  etc. 

In  Figure  2  Is  shown  an  Idealized  frequency-time  plot  of  a 
conventional  quartz  oscillator  subjected  to  dlstrubances  of  various 
kinds.  At  time  ti  an  abrupt  temperature  change  produces  a  sharp 
frequency  transient,  followed  by  an  asymptotic  approach  to  a  new 
frequency  characteristic  of  the  new  temperature.  A  similar  effect 
occurs  between  ts  and  t5  where  power  shut-off  followed  by  oscillator 
restart  leads  to  mls-frequency  operation  that  Is  of  concern  for  fast- 
warmup  manpack  use.  Between  t2  end  tj,  at  t^  and  again  at  ty,  are 
shown  the  effects  of  vibration,  shock,  and  tip-over  (reversal  of 
crystal  attitude  with  respect  to  the  gravity  field),  respectively. 
These  three  effects  are  due  to  acceleration  forces,  and  are  not 
further  distinguished  In  the  sequel.  Superimposed  upon  the  collection 
of  disturbances  seen  In  Figure  2  Is  the  long-term  aging  slope.  The 
principal  contributors  to  this  are  the  slow  change  In  electrode  stress 
due  to  relaxation  of  the  metal  films  deposited  on  the  resonator  plate 
surfaces  and  the  relaxation  of  the  mounting  and  support  system;  these 
will  be  discussed  further  below,  as  will  be  the  fine-structure  of  the 
frequency-time  curve  labeled  "short-term  Instability". 

STATIC  AND  DYNAMIC  TEMPERATURE  EFFECTS 

The  standard  frequency  control  element  commonly  used  Is  the 
AT  cut  quartz  resonator,  a  singly  rotated  plate,  shown  In  Figure  3, 
with  0M-35°.  Its  traditional  popularity  Is  due  to  ease  of  manufacture 
coupled  with  a  zero  temperature  coefficient  (ZTC)  of  frequency  at 
room  temperature.  A  family  of  doubly  rotated  cuts  of  quartz  possesses 
a  ZTC;  these  are  more  difficult  to  manufacture  because  of  the  second 
angle  <|).  The  locus  of  ZTC  as  function  of  0  and  <|!  Is  shown  for  quasl- 
statlc  temperature  changes  In  Figure  3  (3).  The  cut  marked  "SC"  on 
the  locus  at  4^/22°,  0M-34°  denotes  the  newly  developed  "stress  compen¬ 
sated"  resonator  (4,5,6).  Because  the  double  rotation  leads  to  manu¬ 
facturing  problems,  growth  of  cultured  quartz  bars  Incorporating  the 
first  ((}i)  rotation  has  been  undertaken  (7)  with  the  resulting  bar 
shown  schematically  In  Figure  4;  SC  cuts  may  be  produced  from  these 
bars  with  a  single  cutting  operation. 
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Figure  5  gives  the  frequency  versus  temperature  (f-T)  behavior 
for  cuts  located  near  the  SC  value  when  the  temperature  change  is  made 
very  slowly.  The  inflection  temperature  is  96oc,  and  for  small  temp- 
erature  departures  about  this  value  the  frequency  changes  expected 
are  small.  The  conventional  AT  cut  has  a  similar  cubic  f-T  shape,  but 
with  inflection  temperature  of  26®C.  Operation  of  an  AT  cut  in  an 
oven  with  millikelvin  stability  leads  to  the  conclusion,  based  on  the 
static  f-T  curve,  that  frequency  stabilities  in  the  lO-^^  range  are 
possible,  where,  in  fact,  the  observed  stabilities  are  orders  of  mag¬ 
nitude  worse.  Figure  6  gives  an  example,  showing  the  elliptical 
orbits  that  result  from  sinusoidal  temperature  variations  having 
periods  of  8  &  16  hours,. and  1  week,  superimposed  on  the  static  f-T 
curve  (8).  For  the  SC  cut,  this  dynamic  thermal  stress  effect  is 
absent;  it  arises  from  nonlinear  elastic  constants  which  cancel  at 
the  SC  orientation.  The  implications  for  fast-warmup  operation  are 
demonstrated  in  Figure  7  where  AT  and  SC  responses  to  oven  warmup 
are  shown.  Note  the  logarithmic  ordinate  scale.  The  SC  is  on  fre¬ 
quency  in  a  time  dictated  solely  by  the  oven;  the  AT  transient  effect 
persists  much  longer.  Use  of  doubly  rotated  SC  cuts  effectively 
eliminates  the  transients  that  occur  at  times  ti  and  t5-t5  in  Figure 
2. 


STATIC  FORCE  EFFECTS 

Static  and  quasi-static  edge  forces  occur  due  to  relaxation 
of  the  mounting  and  support  structure  holding  the  resonator  and  be¬ 
cause  of  differential  thermal  expansion  coefficients  between  the 
quartz  and  mount.  These  forces  produce  frequency  shifts  and  distort 
the  shape  of  the  f-T  curves  of  Figure  5.  For  diametric  force  pairs, 
shown  on  the  right-hand  illustration  in  Figure  8,  the  effect  is 
quantified  by  a  coefficient  K£  that  is  directly  proportional  to  the 
observed  frequency  shift  Af/f  and  inversely  proportional  to  the 
applied  force  F  (9,10).  is  a  function  of  the  plate  azimuth  i(;. 
Altitude  contours  ofKf(ip)  are  plotted  in  Figure  9  for  doubly  rotated 
plates  having  orientations  along  the  upper  ZTC  lo^up  in  Figure  3.  It 
is  seen  that  for  each  cut  (value  of  (()),  azimuths  (i|^)  exist  such  that 
Kf(i|;)  becomes  zero.  At  these  angles  of  edge  forces  do  not  produce 
frequency  shifts.  Mounting  resonator  plates  at  these  points,  however, 
produces  large  edge  stresses  with  consequent  susceptibility  to  break¬ 
age,  especially  in  high  shock  applications  such  as  REMBASS. 

We  have  shown  experimentally  (11)  that  colllnear  forces  acting 
upon  chords  trimmed  from  the  circular  resonator  plate  normal  to  the 
Kf=0  locations  also  produce  no  frequency  shift.  The  case  for  the  AT 
cut  is  seen  in  Figure  10.  Forces  acting  at  paired  locations  (1).. 
..(6),  for  example,  do  not  produce  deviations  in  vibrator  resonance 
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frequency.  Superposition  has  also  been  shovm.  to  hold  for  multiple 
force-pairs,  with  the  result  that  the  entire  chordal  edge  may  be 
used  for  mounting,  and  the  stress  levels  appreciably  reduced  without 
affecting  frequency  stability.  As  shown  in  Figure  11,  which  is  again 
for  the  AT  cut,  the  remaining  circular  boundaries  may  be  trimmed  to 
produce  a  rhomboid  shape.  The  Kf=0  angles  of  vary  with  the  cut  of 
quartz  used,  as  shown  in  Figure  9;  the  rhomboidal  outline  required 
will  also  change.  The  outline  for  the  ^=10°  cut  is  given  in  Figure 
12.  Also  shown  on  this  figure  are  the  four  mounting  edges,  the  "key¬ 
hole"  electrode  pattern  normally  used,  and  the  offset  of  the  electrode 
tabs  from  the  crystallographic  axis  for  the  purpose  of  reducing  un¬ 
desired  resonance  modes.  The  asymmetrical  rhomboid  shape  is  charact¬ 
eristic  of  doubly  rotated  cuts;  the  AT  cut  of  Figure  11  is  symmetrical 
because  is  a  two-fold  axis  of  symmetry  in  quartz.  For  the  SC  cut 
((|)=21.9®),  the  rhomboid  shape,  by  fortunate  coincidence,  degenerates 
to  a  square  (or  rectangular)  outline,  as  shown  in  Figure  13.  All 
four  edges  are  used  for  mounting,  which  may  be  extremely  rigid.  The 
plate  itself  must  be  cut  with  respect  to  the  crystallographic  axes 
at  an  angle  of  36.8®  as  shown,  in  order  to  possess  the  static  force 
insensitivity  property.  SC  cuts  with  square  outline  are  self-align¬ 
ing  when  placed  in  ceramic  flatpack  holders,  a  feature  that  leads  to 
reduced  cost  of  manufacture. 

DYNAMIC  FORCE  EFFECTS 

The  dynamic  force  effects  Illustrated  in  Figure  2  at  times 
^2“^3»  ^4  subsumed  under  the  phrase  "acceleration  effects". 

They  may  range  from  the  shocks  of  cannon  launching  (20,000  g's)  to 
vibrations  due  to  microseisms  of  a  few  micro-g's.  The  typical  level 
of  sensitivity  of  AT  cut  resonators  is  10“9  per  g  -  seemingly  a  small 
number  for  many  applications  (the  average  shock  level  for  trucks  is 
a  few  g's),  until  contrasted  with  the  typical  value  given  in  the 
introduction  for  GPS,  or  indeed  with  the  accuracies  that  are  quoted 
for  any  of  the  modern  c3l  systems . 

Experimental  data  provided  by  Valdois  (12)  for  AT  cut  quartz 
is  shown  in  Figure  14.  It  is  seen  that  the  frequency  shift  depends 
upon  the  direction  of  the  acceleration  field,  and,  more  importantly, 
is  a  linear  function  of  the  acceleration  G,  changing  sign  with  rever¬ 
sal  of  G.  This  observation  is  the  key  to  producing  acceleration- 
immune  resonators,  for  if  two  resonators  can  be  paired  so  that  their 
respective  crystallographic  axes  are  antiparallel,  then  the  frequency 
shifts  induced  by  an  acceleration  field  in  any  arbitrary  direction 
will  be  opposite  in  the  two  resonators  and  thus  cancel  in  the  combin¬ 
ation  (13).  The  required  antiparallelism  can  be  produced  by  using 
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enantiomorphous  pairs  of  resonators  (right-  and  left-handed  crystals), 
a  feature  that  very  fortunately  exists  in  quartz.  In  Figure  15  are 
shown  stacked  crystal  plate  resonator  combinations  configured  for 
parallel  (left  drawing)  and  series  electrical  connection.  Each 
stack  consists  of  a  left-handed  and  a  right-handed,  singly  rotated 
(e.g.  AT) cut.  Identical  except  for  the  handedness,  bonded  together 
to  form  a  composite  resonator  requiring  no  increase  in  size,  weight 
and  power  for  its  operation  over  a  single  resonator  of  thickness  equal 
to  twice  that  of  either  racemic  half  of  the  stack.  The  plates  are 
drawn  with  rectangular  outline  for  clarity;  in  practice  they  would 
be  of  rhomboid  contour  as  discussed  above. 

Modeling  of  the  physics  of  these  structures  is  best  accomp¬ 
lished  by  means  of  equivalent  electrical  networks.  These  have  never 
taken  into  account  the  handedness  of  the  crystal,  so  we  have  develop¬ 
ed  the  network  of  Figure  16  to  accomplish  this.  The  transmission  line 
represents  the  acoustic  waves  in  the  thickness  mode  plate;  the  mech¬ 
anical  ports  CD  and  EF  account  for  the  mechanical  boundary  conditions 
(traction  free  surface  =  short  circuit);  the  electrical  port  AB  is 
connected  to  the  oscillator;  the  mechanism  of  piezoelectric  trans¬ 
duction  is  represented  by  the  transformers  located  at  the  plate 
surfaces  to  produce  tractions.  Placement  of  the  transformer  polarity 
dots  characterizes  the  crystal  handedness  for  the  purposes  required 
for  simulations.  The  effect  of  acceleration  is  simply  incorporated 
into  the  transmission  line  parameters.  Using  two  networks  of  dlffer- 
®iit  handedness,  the  structures  of  Figure  15  may  be  accurately  modeled. 

Doubly  rotated  (e.g.  SC  cut)  plates  represent  an  additional 
degree  of  difficulty  when  considering  stacked  resonators  -  or  seeming¬ 
ly  so.  These  resonators  exhibit  the  same  type  of  behavior  as  seen 
in  Figure  14,  but  whereas  the  S3nranetry  of  AT-cut  quartz  leads  to 
simple  vibratory  motion  (thickness-shear  with  motion  along  the  X  axis), 
doubly  rotated  plates  such  as  the  SC  cut  have  particle  motion  inclined 
to  the  crystal  axes.  It  at  first  appears  that  stacking  two  plates 
would  produce  mode  Interference,  but  this  is  not  so.  In  Figure  17  Is 
shown  on  the  left  a  left-handed  plate  with  motion  taken  to  be  along 
the  major  diagonal  OA;  the  center  Illustration  is  the  situation  that 
obtains  with  the  mirror- image  right-hand  mate.  The  right-handed 
P^®he  has  motion  along  OB.  When  the  right-handed  plate  is  properly 
rotated  as  shown  in  the  right-most  illustration,  the  particle  motion 
during  vibration  is  seen  to  be  parallel  to  that  of  OA  in  the  ileft-most 
Illustration,  so  that  stacking  can  take  place  with  respective  crystal¬ 
lographic  axes  antiparallel,  as  is  necessary  for  acceleration  compen¬ 
sation. 
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It  should  be  emphasized  that  the  compensation  holds  for  any 
direction  of  the  acceleration  field,  and  no  preferred  orientation  of 
the  composite  stack  is  necessary. 

Networks  for  left-  and  right-handed  plates  are  shown  joined 
in  Figure  18  to  represent  a  composite  resonator.  The  electrical 
terminals  are  connected  either  in  parallel  or  series  to  achieve  the 
structures  of  Figure  15.  Inductors  represent  electrode  mass  loading 
on  the  crystal  surfaces,  and  the  1:-1  mechanical  transformer  models 
the  reversal  of  crystal  axes  to  form  the  acceleration- Immune  stack. 

COMPENSATION  FOR  ADDITIONAL  EFFECTS 

It  was  mentioned  earlier  that  the  long-term  aging  slope  seen 
in  Figure  2  arose  largely  from  electrode  stress  relief.  In  Figure 
19  is  shown  the  graphs  of  the  static  force  coefficient  verses  ip 

for  the  three  thickness  modes  in  the  SC  cut.  For  the  "c  mode**  (the 
slower  shear  mode  having  the  thermal  transient  compensation  property 
described  above),  it  may  be  shown  (14)  that  the  area  under  the  curve 
of  K^(4^)  vs  is  zero.  Because  superposition  holds  for  point  force- 
pairs,  one  may  show  the  direct  proportionality  between  the  film 
stress  coefficient  K  as  portrayed  on  the  left  of  Figure  8,  and  calcul¬ 
ated  in  Figure  20,  and  the  angle-average  coefficient  <K^>;  this  re¬ 
lation  is  also  given  in  Figure  20.  Calculating  <Kf>  for  the  cuts  on 
the  upper  ZTC  locus  of  Figure  3  and  comparing  with  experiment  gives 
the  results  of  Figure  21,  where  it  is  seen  that  the  film  stress  effect 
produces  no  frequency  change,  and  consequent  aging,  for  the  SC  cut. 

Cancellation  of  the  nonlinear  elastic  constants  responsible 
for  thermal  and  mechanical  effects  in  quartz  resonators  at  the  SC 
orientation  is  additionally  responsible  for  lessening  the  phase 
noise  contribution  to  the  short-term  instability  seen  in  Figure  2. 

CONCLUSION 

We  have  made  available  quartz  resonator  configurations  fre¬ 
quency  compensated  for  acceleration,  static  forces,  thermal  transients 
and  other  effects  encountered  in  combat,  and  more  benign  environments. 
These  units  are  comprised  of: 

•  doubly  rotated,  SC-cut  orientations 

•  rhomboidal  contours  for  mounting 

•  stacked  enantiomorphous  pairs 

combined  in  a  rugged  unit  of  exceptional  stability  requiring  no  in¬ 
creases  in  size,  weight  or  power  consumption.  Anticipated  oscillator 
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stabilities  with  these  resonators  for  the  1985-1990  time-frame  are: 

stability  1  sec  10~^^ 

24  hours  10~13 

5  years  10“^®  . 

acceleration  sensitivity  <  10~12/g. 
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When  military  biomedical  research  addresses  practical  problems,  the 
scientist  must  evaluate  if  biological  and  behavioral  phenomena  have  real-world 
consequences  for  military  planners  and  users.  The  military  scientist  must  scale 
and  translate  his  findings  into  a  suitable  framework  so  military  planners  can 
anticipate  how  such  consequences  will  degrade  (or  sustain)  the  operational 
effectiveness  of  military  personnel.  In  evaluating  conditions  which  affect 
human  performance,  the  scientific  literature  (1-5)  indicates  the  importance  of 
task,  personnel,  and  orgeinizational  variables.  These  include:  task  complexity, 
feedback,  pacing,  level  of  training,  intrinsic  task  interest,  experience,  motiva¬ 
tion,  and  social  factors.  Such  variables  are  considered  critical  determinants  of 
performance  capability  under  a  variety  of  conditions.  Furthermore,  in  both 
modern  industrial  society  and  in  the  Armed  Forces  tasks  are  increasingly 
organized  around  teams  rather  than  individuals.  In  the  military  community, 
concerns  are  often  expressed  as  to  the  generality  and  predictive  validity  of  past 
studies  which  have  not  included  variables  inherent  in  many  military  tasks. 

To  address  these  issues  and  provide  a  framework  for  communicating 
research  results  to  the  military  community,  the  Field  Artillery  fire  direction 
center  (FDC)  was  selected  by  the  US  Army  Research  Institute  of  Environmental 
Medicine  (USARIEM)  as  a  "model”  team  for  study.  It  was  postulated  that  these 
issues  could  be  addressed  in  a  laboratory  simulation  which  would  use  actual 
Army  teams  performing  their  normal  functions.  This  would  permit  control  and 
replication  of  environmental  and  situational  conditions  and  measurement  and 
correlation  of  mission  effectiveness,  behavior  and  biological  processes  (3,4). 
This  approach  capitalized  on  pre-existing  training,  professional  pride,  social 
support  and  military  task  organization.  Such  factors  are  critical  in  the  study  of 
group  task  performance,  the  contribution  of  individual  performance  to  system 
(team)  output  (3,4)  and  physiological  and  psychological  responses  to  stress  (5). 
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The  FDC  team  seemed  well-suited  for  scientific  study  and  laboratory 
simulation  since  1)  FDCs  are  common  and  critical  to  successful  ground  combat 
operations,  2)  FDC  teams  are  located  immediately  behind  the  FEBA  and  are 
exposed  to  most  extent  stresses,  3)  FDCs  include  tasks  common  to  other 
command/control  and  communication  elements,  4)  Detailed  scenarios  can  be 
developed  to  provide  calibrated  performance  demands,  5)  FDC  tasks  provide 
quantifiable  measures  of  both  individual  and  team  performance,  6)  The  com¬ 
pactness  of  FDCs  allows  collection  of  a  wide  range  of  biomedical  and 
psychosocial  data,  7)  Many  variables  which  influence  performance  are  inherent 
in  FDCs,  and  8)  FDCs  provide  a  performance  paradigm  with  operational 
criteria,  recognized  by  the  military  community,  with  which  various  data  arrays 
can  be  correlated. 

FDC  TASKS  &  ORGANIZATION 

In  the  Field  Artillery,  the  FDC  is  a  service  center  which  receives 
requests  from  various  groups  who  require  artillery  shells  to  hit  target  areas. 
These  targets  are  typically  kilometers  away  and  out  of  view  of  the  guns.  In  the 
US  Army  (Artillery  battery  level)  a  team  of  5  to  7  individuals  process  these 
requests.  Non-computerized  FDCs  have  existed  since  World  War  I  and  have 
evolved  to  insure  that  performance  is  robust  to  adverse  conditions.  Roles, 
tasks,  communication  sequences  and  content,  error  detection  and  resolution 
capabilities,  information  readback  procedures,  etc.  are  well  specified  and 
practiced.  To  understand  variations  in  system  output,  individual  task  contribu¬ 
tions  and  interactions  can  be  analyzed  (6,7).  Many  FDC  tasks  are  similar  to 
classical  performance  tests.  Sometimes  FDC  tasks  are  embedded  in  contexts 
which  limit  interpretation,  but  they  can  be  compared  with  the  scientific 
literature. 


METHODS 

STANDARDIZATION  OF  TASK  DEMANDS 

Much  precision  of  conventional  laboratory  paradigms  was  applied  to  the 
complex  mission  demands  of  the  Field  Artillery  to  document  FDC  performance 
and  to  reduce  extraneous  variance.  This  methodology  was  incorporated  into  a 
detailed  script  ("scenario")  of  radio  messages  which  provided  the  task  demands, 
as  well  as  the  supporting  documents,  e.g.  map  overlays  and  unit  SOP.  The 
scenario  represented  a  tactical  battle  played  on  1:50,000  scale  maps  and 
followed  current  doctrine  for  the  light  infantry  with  armored  cavalry  opposing  a 
well-equipped  screening  force.  Tasks  demands  were  communicated  to  the  FDC 
over  three  simulated  radio  nets;  other  roleplayers  provided  the  telephone 
communications  of  the  nearby  gun  crews  and  controlled  the  guns'  sound  effects. 

To  permit  performance  assessment  with  time  the  scenario  was  organ¬ 
ized  into  equivalent  6  h  epochs  of  mission  demands.  In  each  6  h,  events  of 
differing  importance,  complexity,  and  urgency,  requiring  different  individual 
and  team  responses,  recurred  frequently  to  permit  event  pooling  for  analysis  of 
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performance  data.  Some  mission  demands  included;  1)  Unplanned  Missions  — 
Calls  for  Artillery  fires  on  a  target  which  were  often  followed  by  several 
subsequent  adjustments,  i.e.,  repetitions  with  small  variations.  2)  Preplanning  - 
-These  tasks  were  initiated  by  the  receipt  of  encoded  preplanned  target 
messages.  All  team  members  were  involved,  but  for  most  delayed  responses 
were  required.  3)  Prioritizing  ~  At  any  time,  2  of  16  preplanned  targets  were 
designated  as  having  priority  to  emphasize  that  an  especially  rapid  and  accurate 
response  might  be  required  on  these  targets.  4)  On-call  Missions  —  These 
demands  were  calls  for  Artillery  fires  on  preplanned  targets.  Typically,  they 
occurred  at  least  15  min  after  receipt  of  encoded  preplanned  target  messages. 
5)  Revising  —These  initial  12  preplanned  targets  were  encountered  at  the 
beginning  of  each  6  h  epoch.  Task  demands  differed  somewhat  from  those  of 
preplanning.  The  targets  were  preplotted  on  the  chart  sheets  so  the  chart 
operators  did  not  have  to  plot  them  nor  did  the  radio  operator  have  to  decode 
them.  6)  Updating  —Updating  should  have  occurred  about  150  min  into  each 
epoch.  It  was  to  improve  ballistic  correction  factors  on  12  preplanned  targets. 
7)  Multiple  Mission  Sequences  —Periods  of  intense  fire  mission  activity  in¬ 
cluded:  unplanned  missions,  on-call  missions,  non-standard  missions,  adjusts  and 
shifts.  8)  Lulls  —  These  were  two  10-12  min  intervals  in  which  no  new  mission 
demands  were  sent  to  the  FDC  although  irrelevant  radio  traffic  continued. 
These  events  created  a  standardized  setting,  embedded  among  other  demands, 
where  social  interactions  might  be  more  iikely  to  occur.  Such  intervals  could 
also  be  used  to  complete  prior  preplanning  activities. 

EXPERIMENTAL  DESIGNS 

Two  designs  were  utilized.  They  differed  in  number  of  sustained 
challenges  and  their  durations.  Design  I  had  a  single  86  h  operational  challenge; 
whereas.  Design  II  had  two  38  h  challenges  separated  by  a  34  h  rest  interval. 
Both  designs  had  identical,  pre-challenge  familiarization  and  training  trials. 
Design  I  was  essentially  an  "open  ended"  challenge  since  86  h  was  judged  to  be 
beyond  the  limits  for  sleep  deprived  subjects  to  perform  such  cognitive  tasks. 
Design  II  was  to  evaluate  the  FDC  model  in  a  repeated-measures  design. 

SUB3ECTS  &  SIMULATION  FACILITIES 

The  5-man,  FDC  teams  were  males  aged  18-24  and  fully  informed 
volunteers  from  two  battalions  of  the  82nd  Airborne  Division.  These  teams 
used  manual  fire  direction  procedures  exclusively,  without  the  assistance  of 
digital  computers.  Manual  FDC  equipment  was  assembled  in  a  tent  inside  a’ 
6.1  X  2.7  X  2.4  m  climate-controlled  chamber  at  USARIEM.  Temperature  was 
maintained  20-24°C,  relative  humidity  35-50%,  and  lighting  was  superior  to 
field  FDCs  for  continuous  videotaping.  Each  subject  wore  a  microphone  and 
transmitter  for  individual  voice  reproduction,  a  physiological  cassette  recorder, 
wrist-  activity  sensor,  ECG  electrodes  and,  in  some  instances,  EEG  electrodes. 
Speech  from  each  field  radio,  the  FDC-gun  telephone  line,  and  from  each  FDC 
team  member,  as  well  as  a  time  code,  were  recorded  on  separate  channels  of  an 
audio  recorder  for  post-study  analyses. 
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SIMULATION  PROCEDURES 

All  teams  received  a  5  h  orientation  followed  by  3  days  of  simulation 
training  (8  h/day)  at  the  scenario  work  load  used  subsequently.  Teams  1  and  4 
then  underwent  a  single  challenge  which  they  were  told  could  run  86  h.  Teams 
2  and  3  underwent  two  38  h  challenges  separated  by  a  34  h  rest;  they  were  told 
each  challenge  would  run  36  to  42  h.  All  subjects  were  instructed  not  to  set 
shifts  or  withdraw  to  sleep.  Teams  1  and  4  received  no  instructions  about  job 
rotations;  whereas,  Teams  2  and  3  were  instructed  not  to  rotate  jobs.  In  the 
simulation,  each  team  was  challenged  by  the  scenario  demands  described 
previously.  Performance-contingent,  positive  and  negative  feedback  for  accu¬ 
racy  and  timeliness  were  given  to  the  FDC  from  simulation  roleplayers.  During 
the  simulations,  FDC  teams  did  not  physically  move  the  FDC,  erect 
camouflage,  or  dig  emplacements.  All  operational  challenges  began  at  7  a.m. 
Every  6  h  during  a  simulated  tactical  move,  approximately  48  min  were  spent  in 
non-operational,  administrative  activities.  Self-report  questionnaires  were 
administered,  urine  and  sometimes  blood  samples  were  collected,  electrodes 
and  instrumentation  were  maintained  by  "field  medics"  and  meals  were  eaten. 

PERFORMANCE  ASSESSMENT 

Performance  indices  were  derived  for  system  (team)  performance.  Post¬ 
study,  accuracy  and  timeliness  data  were  scored  from  audio  recordings.  - 
Accuracy  deviations,  i.e.  errors,  were  defined  as  the  algebraic  difference  (in 
mils)  between  each  FDC  team's  firing  data  and  the  correct  solution  as 
computed  manually  by  the  Department  of  Gunnery,  USAFAS.  Timeliness  was 
the  latency  between  mission  input  and  the  team's  output. 

INTERACTION  ANALYSES 

Interaction  Process  Analysis  (IP A)  by  R.F.  Bales  assesses  the  quality  of 
interactions  occurring  in  a  group  (8).  The  FDC  studies  provided  a  unique 
opportunity  to  evaluate  this  non-in vasive  technique  in  small  Army  teams  during 
acute  exposure  to  situational  stress  and  fatigue  and  to  relate  IPA  trends  to 
operational  changes.  In  IPA,  all  verbal  utterances  are  divided  into  communi¬ 
cation  units  (CU).  A  CU  is  a  group  of  sounds,  words,  gestures,  etc.  that 
conveys  a  single  thought  or  action.  Each  CU  is  assigned  to  1  of  12  categories 
based  on  the  predominant  quality  of  the  interaction. 

The  FDC  teams  differed  from  many  of  the  groups  studied  by  Bales.  Since 
the  FDC's  highly  specified  tasks,  roles,  and  task  organization  generated  many 
task  communications  which  were  standard  in  content  and  their  time  sequencing, 
an  additional  category,  i.e..  Task  SOP,  was  specified  for  the  FDC  analyses. 
This  category  was  for  those  CUs  which  were  formal  communications  in  the 
standard,  sequential  process  of  computing  and  transmitting  ballistic  data.  Task 
SOP  CUs  only  included  standard  communications  about  task  or  mission. 

In  the  analyses,  each  team  member's  vocalizations  during  the  two  12- 
minute  lulls  were  transcribed  from  audio  records  and  arrayed  in  parallel  against 
a  common  time  line.  All  verbal  utterances  were  divided  into  CUs  and  all  Task 
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SOP  CUs  were  identified.  All  remaining  CUs,  i.e.  All  Other  CUs,  were 
identified  and  classified  into  one  of  Bales's  categories.  The  sender  and 
receiver  for  each  CU  were  also  specified.  Ail  information  was  formatted  and 
encoded  for  automatic  data  processing.  Video  records  were  viewed  prior  to 

scoring  each  lull.  ,  n  » 

In  the  data  reduction,  group  functions  were  computed  for  Teams  1,  Z  oc 
4  (Team  3  is  in  progress).  Each  function  represented  the  contributions  of  all  5 
members.  All  CUs  were  categorized  as  Task  SOP  or  All  Others.  To  show  the 
relative  proportion  of  each  a  ratio  was  calculated: 

Task-Oriented  Ratio  =  No.  Task  SOP  CUs 

No.  All  Others  CUs 


RESULTS  &  DISCUSSION 

OVERVIEW  .  ^  ^  j 

Other  investigators  collaborated  in  the  design  and  conduct  of  the  study, 
but  only  selected  data  obtained  by  USARIEM  investigators  will  be  presented. 
The  teams  differed  substantially  in  organizational  style,  social  history,  prior  ex¬ 
perience,  and  mastery  of  the  simulated  mission  demands.  Generally,  Teams  1 
and  4  showed  less  Initial  mastery  and  greater  performance  changes  over  time 
(Design  I).  All  teams  responded  to  the  competitive  challenges  and  became  quite 
involved  with  the  simulaticMi  (6,9). 

Team  1  withdrew  from  the  study  at  7  a.m.  after  48  h.  A  chart  operator 
appeared  especially  sleepy  after  42  h,  choose  to  terminate,  and  the  officer 
decided  that  the  team  should  leave  together.  Team  4  withdrew  voluntarily  at 
4  a.m.  after  45  h.  The  younger  enlisted  personnel  had  little  field  experience 
and  were  very  fatigued.  The  officer  was  also  fatigued  from  his  continuous 
supervision  but  persevered  until  his  sergeant  prompted  him  for  the  decision  to 
stop.  Both  teams  made  several  errors  which  "endangered^  friendly  troops;  they 
had  also  become  deficient  in  their  preplanning  and  prioritizing.  Team  2  showed 
some  deterioration  in  the  second  challenge;  three  team  members  had  slept  very 
poorly  the  previous  evening.  Team  3  completed  both  38  h  trials  with  little 
performance  deterioration.  After  6  h  of  the  second  trial,  a  chart  operator 
terminated;  the  remaining  four  continued.  They  had  slept  well  in  the  interim. 

SYSTEM  OUTPUT;  ACCURACY  .  . 

For  all  teams,  accuracy  of  firing  data  for  unplanned  missions  was 
generally  maintained  even  until  termination.  In  contrast,  accuracy  of  firing 
data  for  pre-planned  targets  fired  upon  during  on-call  missions  was  less  for  all 
teams.  Accuracy  deteriorated  with  time  in  Teams  1  and  4;  they  showed 
increased  7-14  mil  errors.  These  usually  involved  omissions  of  correction 
factors  in  speed-accuracy  tradeoffs.  Generating  preplanned  target  data  re¬ 
quired  increased  processing  compared  to  unplanned  missions.  In  addition, 
negative  feedback  criteria  for  on-call  missions  were  more  demanding,  e.g. 
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20-  60  vs  60-180  sec.  Teams  2  and  3  showed  some  variability  in  on-call  mission 
accuracy;  no  progressive  deterioration  was  evident. 

SYSTEM  OUTPUT:  TIMELINESS 

Although  accuracy  for  unplanned  missions  was  generally  maintained, 
timeliness  suffered  in  all  but  one  team.  Latencies  for  the  subsequent  adjust¬ 
ments  increased  more  than  35%  from  initial  values  (approximately  30  sec) 
during  sustained  operations  for  Teams  1,  2,  and  4.  The  within-  team  differences 
between  initial  and  final  6-h  performance  latencies  were  statistically  signifi¬ 
cant  (p<0.05  for  Teams  1  and  2;  p<0.01  for  Team  4).  Video  review  confirmed 
that  speed  was  sometimes  sacrified  for  accuracy  through  increased  individual 
latencies  and  double-check  procedures.  Such  increased  latencies  have  tactical 
significance  since  they  would  result  in  reduced  effectiveness  of  Artillery  fires 
on  battlefield  targets.  This  would  increase  FDC  and  battery  vulnerability. 

Timeliness,  as  well  as  accuracy,  for  on-call  missions  against  preplanned 
targets  suffered  in  Teams  1  and  4.  Initial  median  latencies,  e.g.  8-10  sec, 
increased  >400%  after  42  h  in  Team  1  and  50-400%  after  30  h  in  Team  4 
(p^.Ol).  Teams  2  and  3  responses  to  on-call  missions  were  less  varied;  Team  2's 
responses  increased  30-60%  from  18  to  30  h  of  the  second  challege  (p<0.05). 

In  responding  to  on-call  missions  against  preplanned  targets  during  the 
multiple  mission  sequences,  Teams  2  and  3  showed  some  increased  variability 
and  latencies.  In  contrast,  the  quick  responses  to  be  achieved  by  preplanning 
deteriorated  markedly  in  Teams  1  and  4  in  those  very  situations  where 
responsiveness  was  tactically  most  crucial.  For  Team  4,  the  300-700% 
increases  began  after  24  h  but  recovered  slightly  after  36  h.  In  Team  1, 
increased  latencies  (40-300%)  occurred  from  6-30  h.  After  approximately  45  h, 
(0215  and  0400  a.m.),  latencies  increased  10-12  times  from  initial  values.  It  is 
evident  a  median  response  >300  sec  to  deliver  what  Artillery  doctrine  requires 
in  <20  sec  was  a  marked  change  in  operational  efficiency.  Such  delays  would 
have  serious  consequences  in  combat  where  rapid  delivery  of  preplanned 
Artillery  fires  is  essential  to  suppress  hostile,  wire-guided  weapons. 

Preplanning  is  intended  to  generate  firing  data  for  a  preplanned  target 
and  send  it  to  the  guns  before  an  on-call  mission  occurs.  If  preplanning  was 
achieved,  response  latencies  were  minimal.  If  not,  data  computation  was 
required  "on  the  spot",  increased  latencies  resulted,  and  teams  were  more 
likely  to  make  errors  in  haste  (or  through  deliberate  omissions)  as  they 
attempted  to  respond  quickly. 

SYSTEMS  OUTPUT:  PREPLANNING  &  PRIORITIZING  LATENCIES 

Examining  the  efficiency  of  preplanned  target  processing  activities, 
(i.e.  preplanning,  prioritizing,  revising,  and  updating)  suggests  how  the  observed 
differences  in  team  effectiveness  in  responding  to  on-call  mission  events 
occurred.  It  has  the  advantage  of  assessing  risk  of  serious  mission  failure  for 
the  total  population  of  prfepiahhed' targets.  Operationally,  preplanning  required 
processing  target  messages  and  sending  the  firing  data  for  each  target  to  the 
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Figure  1.  Preplanning  latencies  for  Teams  1  (top  left ),  4  (top  right ),  2  (middle) 
and  3  (bottom)  are  shown  as  a  function  of  h  in  the  simulation.  The  squares,  with 
lower  and  upper  points,  indicate  the  50,  25,  and  75th  percentiles,  respectively. 
Values  plotted  above  the  break  on  each  left  ordinate  were  >90  min.  Also  shown 
are  the  percent  preplanning  demands  satisfied  for  each  6  h. 
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TIME  OF  DAY  TIME  OF  DAY 


Figure  2.  Prioritizing  latencies  for  Teams  1  (top  left ),  (top  right ),  2  (middle) 
and  3  (bottom)  are  shown  as  a  function  of  h  in  the  simulation.'  The  squares, 
with  lower  and  upper  points,  indicate  the  50,  25,  and  75th  percentiles, 
respectively.  Values  plotted  above  the  break  on  each  left  ordinate  were  >360 
sec.  Also  shown  are  the  percent  of  prioritizing  demands  satisfied  each  6  h. 
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guns  as  soon  as  possible.  Preplanning  involved  all  members;  each  had  to 
complete  his  work  on  a  target  before  another  could  proved  (serial  processing). 
Hence,  individual  tasks  were  delayed.  Team  members  had  to  schedule  time  to 
complete  these  tasks  amidst  "breaks"  and  other  demands.  Unless  completed 
quickly,  other  scenario  events  would  inevitably  interrupt  proceping. 

Preplanning  latencies  for  the  four  teams  are  shown  in  Figure  1.  Teams  1 
and  4  showed  increased  latencies  after  18-24  h;  these  increases  were  30-70% 
greater  than  initial  values.  After  36  h  performance  was  characterized  Predomi¬ 
nantly  by  a  failure  to  process  several  preplanned  targets.  Team  2  was  very 
profident;  their  latencies  were  approximately  25%  those  of  other  teams. 
Latencies  of  teams  2  and  3  did  not  change  during  the  first  38  h  challenge 
although  processing  for  team  2  was  more  varied  after  24  h. 
challenge  of  Teams  2  and  3  processing  times  increased  after  24  h.  Hence,  the 
observed  loss  of  effectiveness  in  responding  to  on-call  missions  (single  and 
multiple  missions  sequences)  in  Teams  1  and  4  resulted  from  failure  to 
preprocess  data.  Decreased  accuracy  resulted  largely  from  speed-accuracy 

trade-offs  or  from  lapses  due  to  haste.  j  *  * 

Figure  2  shows  the  prioritizing  aspect  of  preplanned  target  processing. 

This  task  Involved  specifying  to  the  guns  which 

greatest  importance  to  the  forward  observer  and  calling  ballistic  data  to  the 
guns,  if  not  communicated  previously.  Prioritizing  emphasized  some  preplanned 
targets  as  being  more  important  than  others.  Teams  1  and  4  showed  increased 
latencies  for  prioritizing.  Changes,  200  to  600%  greater  than  mitiai  values, 
were  evident  after  18  h  in  both  teams.  Teams  2  and  3  were  more  proficient  and 
stable  in  their  prioritizing,  although  some  periods  were  charact^ized  by 
increased  variability.  Consistent  with  the  preplanning  trend.  Team  2  s 
prioritizing  was  also  impaired  after  24  h  in  the  second  challen^. 

The  percent  of  demand  satisfied  decreased  with  time  in  Teams  1,2  (second 
challenge),  and  4.  This  occurred  even  though  preplanned  data  were  usually  at 
the  guns  when  a  target  was  specified  as  priority  by  the  role  Pl^yer. 
Specifically,  for  Teams  1,  2,  3,  and  4  data  were  already  at  the  guns  87,  94,  96, 
and  67%  of  the  times  when  each  sergeant  failed  to  specify  a  target  as  priority. 
Although  in  these  circumstances  each  sergeant  only  needed  to  announce  the 
priority  target  number  to  the  guns,  all  but  one  increasingly  failed  to  do  so.  We 
Aspect  attention  to  detail  and  involvement  increased  markedly  with  time  as 
teams  attempted  to  keep  current  on  their  preplanning.  Such  dem^ds  mad 
more  likely  that  responsible  members  did  not  hear  the  information  when  it 
came  over  the  radio  or  they  subsequently  forgot  it.  Additional  analyses  will 
document  why  this  critical  performance  was  not  maintained. 

SYSTEM  OUTPUT:  UNPROCESSED  PREPLANNED  TARGET  DEMANDS 
The  quantity  of  work  never  done  may  be  more  useful  as  an  index  of 
capacity  and  performance  efficiency  than  increased  errors  or  latencies.  Table  I 
hiSilights  differences  between  the  4  teams  on  preplanned  target  activities. 
Entries  show  the  percentage  of  various  preplanned  target  activities. 
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as  well  as  percentage  of  total  target  processing  never  completed.  Several 
trends  are  evident.  Total  target  processing  was  less  adequate  at  36  h  for  Teams 
1  and  4  (Design  I)  than  for  Teams  2  and  3  (Design  II);  revising  and  updating 
contributed  predominately  to  this  trend.  Although  one  cannot  rule  out  level  of 
training,  experience,  and  organizational  variables  these  data  suggest  the 
uncertainties,  expectancies,  and  demands  of  an  86  h  challenge  took  an  earlier 
and  greater  toll  on  Teams  1  and  4.  This  observation  is  further  supported  by 
trends  in  the  biochemical  data  (6).  Secondly,  Team  4,  the  least  proficient  and 
experienced  team,  was  the  team  which  demonstrated  the  least  adequate  total 
target  processing.  Lastly,  updating  was  the  preplanning  target  activity  most 
frequently  not  completed  by  all  four  teams.  It  is  interesting  that  updating  was 
the  only  preplanned  target  activity  done  by  a  single  team  member. 

Table  I.  Percentages  of  various  uncompleted,  preplanned  target  tasks.  Values 
are  shown  for  the  4  Teams  studied  for  the  initial  36  h  in  the  simulation.  Second 
challenge,  36  h  comparisons  are  also  shown  for  Teams  2  &  3.  For  Teams  1  &  4, 
48  h  comparisons  cire  also  indicated.  Team  4's  values  for  45-48  h  (interval 
after  Team  4's  termination)  were  extrapolated. 


TEAM 

PREPLANNING 

PRIORITIZING 

REVISING 

UPDATING 

%  tOtAL  TARGET 
PROCESSING  NEVER 
COMPLETED 

INITIAL  36  HOUR 

COMPARIS  ON 

(CHALLENGE  1) 

1 

4 

8 

4 

100 

29 

2 

2 

5 

0 

12 

5 

3 

9 

10 

0 

36 

14 

4 

9 

27 

28 

86 

38 

SECOND  36  HOUR 

COMPARISON 

{CHALLENGE  2) 

2 

2 

11 

0 

11 

6 

3 

12 

7 

0 

19 

10 

INITIAL 

48  HOUR  COMPARISON 

• 

1 

11 

14 

14 

95 

34 

4 

19 

34 

49 

88 

48 

INTERACTION  ANALYSES 

Figure  3  shows  total  CUs,  i.e.  all  team  members'  CUs  during  the  two 
lulls,  each  6  h  for  Teams  1,  2,  and  4.  Task  SOP  and  All  Other  CUs  totals  are 
also  shown.  Total  communications  declined  with  increasing  h  in  all  three 
teams.  Maximal  values  ranged  from  850-1200  CUs  for  the  two  12  min  lulls 
analyzed.  Minimum  values  for  each  team  were  approximately  50%  of  maxi¬ 
mum. 
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HOURS  IN  SIMULATION 


HOURS  IN  SIMULATION 


HOURS  IN  SIMULATION 


Figure  3.  Group  communication  units  (CU)  for  two,  12-min  iulis  are  shown  as  a 
function  of  increased  h  in  the  simiiiation.  Totai  CUs  (solid  circles).  Task  SOP 
CUs  (solid  squares),  and  All  Other  CUs  (solid  triangles)  are  shown. 
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HOURS  IN  SIMULATION 


HOURS  IN  SIMULATION 


Figure  Task-related  ratios  (solid  circles)  and  number  of  unprocessed  pre¬ 
planned  demands  (solid  triangles)  are  shown  for  Teams  1,2  and  4  as  a  function 
of  h  in  the  simulation.  Unprocessed  preplanned  demands  are  the  sum  of  any 
revising,  preplanning,  and  prioritizing  targets  which  were  not  completed  by 
each  team.  Increased  task-related  ratios  indicate  a  greater  preponderance  of 
Task  SOP  CUs  to  All  Other  CUs. 
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Shown  in  Figure  4  are  unprocessed  preplanned  demands  and  task- 
oriented  ratio  functions  for  each  team  with  h  in  the  simulation.  The  former 
measure  is  the  totai  number  of  targets  not  completed  from  the  preplanning, 
prioritizing,  and  revising  tasks;  the  latter  indicates  the  relative  preponderance 
of  Task  SOP  CUs  to  All  Other  CUs.  Larger  ratios  generally  occurred  when  a 
team  had  preplanning  activities  to  perform  during  the  lulls. 

The  teams  differed  markedly  in  how  "lulls''  were  used.  Teams  1  and  4 
are  similar  but  unlike  Team  2.  Team  2  used  the  lulls  to  rest  and  to  interact 
with  each  other.  In  contrast.  Teams  1  (after  12  h).  and  4  engaged  heavily  in 
Task  SOP  CUs,  This  is  shown  dramatically  by  the  fact  that  Team  2's  ratios 
were  typically  ^.3;  whereas,  after  12  h.  Team  I's  ratios  were  always  >1.0, 
except  in  the  final  hours  prior  to  termination.  In  Teams  1  and  4,  increased 
unprocessed  demands  were  evident  after  30  and  18  h;  however,  increases  in  the 
task-oriented  ratio  preceded  these  performance  changes.  With  increasing 
unprocessed  preplanned  demands,  communications  became  more  task-oriented 
for  Teams  1  and  4  up  to  some  limit.  Thereafter,  the  ratios  decreased  although 
both  teams  had  increased  amounts  of  unprocessed  demands.  Hence,  after  24- 
30  h  Task  SOP  CUs  decreased  in  spite  of  increasing  backlogs  which  eventually 
resulted  in  dramatic  operational  failures.  The  decreases  in  task-related 
communications  reflected  the  fact  that  fewer  and  fewer  task  communications 
followed  SOP  and  individuals  began  to  discuss  other  topics.  Aithough  teams 
often  remained  concerned  with  task  requirements,  their  behaviors  became  much 
less  goal  directed  and  their  nonstandard  communications  reflected  this.  Such 
deviations  sometimes  resulted  in  confusion;  increased  effort  and  attention  were 
required  for  task  demands. 

Team  2's  data  are  in  marked  contrast  to  these  data  just  described.  At 
36  h  (second  chailenge)  unprocessed  demands  were  comparable  to  those  for 
Team  1,  yet  changes  in  the  task-oriented  ratio  were  not  observed.  It  was 
previously  cited  the  single  86  h  challenge  took  an  earlier  and  greater  toll  on 
Teams  1  and  4  and  that  Team  2  was  more  proficient  at  preplanning.  It  appears 
that  Team  2  had  more  reserve  capacity  and  were  able  to  maintain  their 
preplanning  without  using  the  lulls.  At  no  time  was  their  ratio  >0.3  Other 
interaction  data  for  Team  2  (not  shown)  indicate  that  18-30  h  in  the  second 
challenge  CU's  showing  negative  affect  (feelings)  increased  almost  200%,  a 
level  even  greater  than  that  observed  after  36  h  in  the  first  challenge.  Positive 
affect  CU's  dropped  to  an  unprecedented  low  after  24  h.  In  fact,  after 
appraising  their  multiple  mission  sequence  performance  at  27  h.  Team  2 
members  expressed  doubts  to  each  other  about  their  ability  to  finish  the 
challenge.  This  was  a  remarkable  display  of  self-and  team-doubt  since  they 
completed  the  first  chalienge  and  knew  the  second  was  the  same  duration! 
These  trends  contrast  with  those  from  Team  2's  first  chailenge  and  correlate 
nicely  with  the  observed  deteriorations  in  preplanning  and  prioritizing  noted 
previously  for  Team  2. 

Increased  Task  SOP  CUs  are  a  likely  compensatory  reaction  to  reduced 
individual  and  team  efficiency  and  the  recognition  that  more  and  more  demands 
remain  to  be  compieted.  In  Teams  1  and  4,  increased  task-related  ratios  were 
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evident  0-30  and  0-18  h,  before  unprocessed  demands  began  to  increment 
substantially.  Later,  when  the  compensation  was  no  longer  adequate  to  oppose 
the  increasing  amounts  of  unsatisfied  demands,  compensatory  behavior  was 
reduced.  This  occurred  perhaps  to  conserve,  knowing  that  only  24-30  h  of  the 
simulation  were  completed,  or  perhaps  these  demands  have  physiologic  or 
neuroendocrine  costs  which  cannot  be  ignored  and  must  be  repaid.  Biochemical 
and  physical  fitness  data  for  Teams  1  and  2  (6)  documented  different  patterns 
of  response  for  each  team;  analogous  data  were  not  collected  for  Team  4. 

These  interaction  data  suggest  that  teams  and  their  predominant  activi¬ 
ties  can  be  characterized  by  communications  occurring  during  lull  periods. 
Furthermore,  number  and  type  of  communications  bear  some  relationship  to 
operational  and  performance  capabilities  at  that  time.  In  the  future,  the 
contributions  of  various  individuals  to  each  group's  communications  will  be 
explored.  Ultimately,  other  biomedical  indices  will  be  arrayed  with  the 
operational  performance  data  to  gain  insights  as  to  how  selected  physiological, 
biochemical,  and  social  variables  influence  operational  capabilitites  in  small 
Army  teams. 

CONCLUSIONS 

1.  Teams  1  and  4  ended  their  participation  in  the  simulation  at  times 
corresponding  to  their  physiological  lows.  Instruction,  experience,  leadership 
and  social  support  can  attenuate  the  impact  of  these  physiological  effects. 

2.  The  86  h  single  sustained  operations  challenge  (Design  I)  was  more 
demanding  at  equivalent  points  in  time  than  the  two,  38  h  repeated  challenges 
separated  by  34  h  of  rest  (Design  II).  Performance  deteriorations  occurred 
earlier  and  were  greater.  The  implied  mission  demands,  self-  and  team-doubts, 
and  uncertainties  associated  with  the  anticipated  86  h  challenge  were  likely 
contributing  factors. 

3.  Performance  deterioration  appeared  in  most  teams  after  30-36  h  in  the 
simulation.  Adverse  environments,  real-world  situational  uncertainties,  and 
combat  conditions  would  likely  have  additional  disruptive  influences. 

4.  Analyses  of  communications  during  lulls  appear  to  provide  useful  correlates 
(predictors)  of  changes  in  team  performance.  Compensation  and  conservation 
reactions  were  also  inferred. 

5.  This  project  methodology  is  adaptable  to  field  research  and  training 
situations.  The  program  suggests  training,  supervision,  task,  and  biomedical 
issues  for  reducing  the  impact  of  sustained  operations  upon  military  personnel. 
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ADDENDA 

Human  subjects  participated  in  the  studies  after  giving  their  free  and 
informed  voluntary  contentl  Investigators  adhered  to  AR  70^-25  and  USAMRDC 
Regulation  70-25  on  U^e  of  Volunteers  in  Research.  \  \ 

The  views,  opinions',  and/or  findings  contained  in  this  rfeport  are  those  of 
the  author(s)  &  should  not  be  construed  as  an  official  Departrnent  of  the  Arrriy 
position,  policy,  or  decision,  unless  so  designated  by  other  official  documenta¬ 
tion.  '  /  '1 

The  studies  reported  were  conducted  jointly  by  USARlEM,  the  Walter 
Reed  Army  Institute  of  Research  (WRAIR),  and  the  Naval,  H^lth  Research 
Center  (NHRC)  in  1977.  The  administrative,  technical,  \and  professional 
contributions  of  numerous  individuals  are  acknowledged  and  vgreatly  appreci- 
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INTRODUCTION 

The  Army  has  embarked  upon  a  coordinated  program  to  develop 
and  field  a  collection  of  automated  command  control,  communications, 
and  intelligence  (c3l)  systems  to  provide  the  effective 
agement  that  is  required  if  we  are  to  overcome  the  numerical  super! 
ority  of  the  Soviet  Block.  The  Army  Battlefield  Interface  Concept 
1979  (1)  describes  the  basic  architecture  for  integrating  these  sys¬ 
tems  into  a  functional  and  interoperating  network.  The  purpose  of 
this  paper  is  to  discuss  some  of  the  voids  in  current  information 
sciLce  technology  as  It  relates  to  the  testing  of 

and  the  network  to  insure  that  each  system  and  the  network  will  prop 
erly  perform  their  functions  under  the  stress  of  combat.  To  u  y  _ 
appreciate  the  technical  nature  of  the  problems  anticipated  in  test¬ 
ing  this  network,  let  us  examine  three  major  aspects  of  the  situation 

(1)  The  nature  and  size  of  the  network 

(2)  The  environment  in  which  the  network  must  function 

(3)  The  purpose  of  and  information  required  from  the  test. 

THK  NETWORK 

The  network  will  be  composed  of  numerous  automate4  systems 
and  subsystems  which  can^e  grouped  into  five  basic  functional  areas: 
(1)  Administrative  and  Logistics,  (2)  Intelligence  and  Electronic 
Warfare,  (3)  Field  Artillery,  (4)  Air  Defense,  and  (5)  Command  and 

Control. 

There  is,  in  fact,  a  sixth  area  required  to  complete  the 
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network  —  the  communications  system.  Each  of  these  areas  may  be 
composed  of  various  systems  and  subsystems  (see  Fig.  1).  For  example, 
the  field  artillery  area  consists  of  TACFIRE  (Tactical  Fire  Direction 
System) ,  BCS  (Battery  Computer  System) ,  FAMAS  (Field  Artillery  Mete¬ 
orological  Acquisition  System),  RPV  (Remotely  Piloted  Vehicle,)  FIRE- 
FINDER  (Artillery  and  Mortar  Locating  Radar),  plus  other  support  sys¬ 
tems.  These  systems,  in  some  cases,  are  a  subnetwork;  for  example, 
TACFIRE  consists  of  processing  centers  or  nodes  at  Corps,  Division, 
and  Battalion  level,  with  terminals  at  various  locations  from  the 
forward  observers  to  the  Corps  Headquarters. 

The  Army  tactical  C^I  network  must  also  interconnect  and 
interoperate  with  the  other  services  as  well  as  our  allies.  Thus, 
there  is  a  super  network  even  before  we  consider  the  theater  or 
national  level  interfaces.  To  assist  in  visualizing  the  size  of  the 
Army  tactical  C^I  network,  a  Corps  with  four  Divisions  may  have  in 
excess  of  200  processing  nodes,  and  this  does  not  include  communica¬ 
tions  nodes.  The  communications  support  to  this  network  will  consist 
of  various  data  transmission  media,  from  dedicated  point-to-point 
wideband  circuits  provided  by  multichannel  systems,  to  dial-up  voice 
grade  data  circuits,  to  combat  net  radios  (shared  with  voice  traffic), 
to  time  division  multiple  access  systems. 

A  very  significant  aspect  of  this  network  is  that  it  is 
evolving  with  time.  Each  system  or  subsystem  is  being  developed  and 
tested  on  its  own  schedule  and  may  or  may  not  be  available  at  a  spe¬ 
cific  time  so  that  its  interface  with  another  system  can  be  tested. 

For  example,  TACFIRE  is  in  production  now  but  its  interfaces  with 
other  field  artillery  systems  could  not  be  tested  prior  to  the  pro¬ 
duction  decision  because  the  other  systems  were  not  available  and 
some  will  not  be  available  for  at  least  another  three  or  four  years. 

In  addition,  the  communications  system  which  the  processing  systems 
will  depend  on  for  communications  is  also  changing  during  the  same 
time  frame  that  these  systems  are  being  introduced. 

THE  ENVIRONMENT 

The  Army  tactical  C^I  network  must  survive  and  provide  the 
capability  to  continue  to  function  in  spite  of  the  environment  of  the 
battlefield.  Three  aspects  of  the  environment  must  be  considered; 

(1)  physical,  (2)  communications /traffic  stability,  and  (3)  radio 
electronic  combat. 

The  physical  environment  includes  shock  and  vibration  and 
the  physical  damage,  destruction,  or  capture  of  portions  of  the  net¬ 
work  by  enemy  action  in  addition  to  the  disruption  and  reconfiguration 
of  the  network  due  to  the  movement  and  relocation  of  nodes.  The 
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communication/ traffic  stability  aspects  of  the  environment  include 
the  effects  of  the  physical  environment  on  the  data  flow  between  nodes 
that  may  cause  rerouting  of  messages,  reallocation  of  circuits,  and 
create  dynamically  varying  workloads  at  the  processing  nodes.  The 
effects  of  enemy  radio  electronic  combat  may  reduce  the  quality  of 
existing  circuits,  deny  us  the  use  of  circuits,  and  introduce  confu¬ 
sion  by  injecting  false  messages  into  our  communications  system.  In 
addition,  the  network  must  be  secure  so  that  information  being  ex¬ 
changed  is  not  available  to  the  enemy  and  he  cannot  exploit  the  net¬ 
work  even  with  captured  equipment. 

THE  TEST 

The  testing  of  automated  C^I  systems  must  be  designed  to 
completely  exercise  all  functions  of  the  item  under  test,  stress  the 
system  in  accordance  with  the  environment,  determine  the  system’s 
ability  to  protect  itself  and  the  network  from  hostile  activities, 
and  insure  that  it  will  continue  to  function  in  an  error  prone  com¬ 
munications  environment.  With  the  introduction  of  each  new  or  modi¬ 
fied  system,  the  test  must  also  determine  what  is  the  impact  on  the 
network  and  the  other  processing  nodes.  While  doing  all  of  the  above, 
the  testing  procedure  must  provide  a  high  degree  of  repeatability  as 
to  the  content  (including  error  cases)  and  timing  of  the  stimuli  pre¬ 
sented  to  the  system  under  test  to  aid  the  developer  in  the  diagnosis 
of  failures  and  the  validation  of  corrections.  The  tests  must  also 
be  designed  so  that  all  of  the  network  is  not  required  to  test  a 
single  node.  It  may  not  be  possible  to  collect  and  operate  the  entire 
network  except  during  major  exercises  and  actual  combat. 

AN  APPROACH 


USAEPG  has  developed  a  concept  for  testing  automated  C^I 
systems  which  has  the  potential  to  solve  a  large  part  of  the  test 
community’s  problems.  This  concept  is  embodied  in  a  program  to  pro¬ 
vide  USAEPG  with  an  advanced  test  capability  covering  all  phases  of 
USAEPG’ s  test  mission.  Emphasis  is  on  the  application  of  automation 
and  simulation  technology  to  meet  the  challenge  of  complete  systems 
performance  and  interoperability  testing  of  automated  C^I  systems. 
This  overall  program  is  called  MAINS ITE  which  is  the  acron3nn  for 
Modular  Automated  Integrated  ^stems/j^nteroperability  X^st  and  |  ■ 
^valuation  (Fig.  2).  The  MAINSITE  concept  has  evolved  from  earlier 
efforts  by  the  Army  Security  Ageiicy  Test  and  Evaluation  Center  anA 
Program  Manager,  Army  Tactical  Data  Systems,  to  solve  portibns  of  the 
overall  testing  problem.  USAEPG  has  combined  and  extended  these 
earlier  concepts  and  now  is  in  the  process  of  implementing  them. 
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The  key  elements  of  the  USAEPG  approach  are: 

(1)  Automated  presentation  of  stimuli  (messages)  to  the 
system  under  test. 

(2)  Automated  control  of  the  electromagnetic  environment 
around  the  system. 

(3)  A  flexible,  modular  design  approach  applicable  to  the 
testing  of  all  C^I  systems. 

(4)  Transportability  of  the  basic  elements  to  permit  use 
at  other  locations  as  required. 

(5)  Central  control  to  extend  the  capability  when 

required. 

THE  CONCEPT  OF  TEST 

The  Concept  of  Test  which  has  established  the  capability 
requirements  for  the  MAINSITE  program  is  based  on  subjecting  the 
system  to  three  progressively  more  difficult  phases  of  testing. 

These  phases  are: 

(1)  Test  the  System  Logic 

(a)  Single  Thread  —  Each  function  is  tested  inde¬ 
pendently  of  other  functions  to  provide  control  of  the  relationships 
of  responses  to  stimuli  to  include  error  conditions  (Step  1) . 

(b)  Multithread  —  All  functions  are  tested  in  com¬ 
bination  to  the  maximum  practical  extent  to  expose  negative  effects 
of  synergism  and  interaction  (Step  2). 

(2)  Test  the  System  Capacity 

(a)  Required  Load  —  Loading  of  the  system  up  to  the 
stated  requirements  to  determine  performance  versus  requirement 
(Step  3) . 

(b)  Saturation  Load  —  Multithread  load  is 
increased  to  systematically  saturate  system  resources  so  that 
throughput,  response  time,  and  degradation  effects  may  be 
determined  (Step  4) . 
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(3)  Test  the  System  in  a  Realistic  Communications  Environ¬ 


(a)  Without  Radio  Electronic  Combat  —  Communications 
by  automated  systems  over  less  than  optimal  communications  channels 
requires  additional  processing  and  the  retransmission  of  digital 
messages,  both  of  which  adversely  affect  system  timing  (Step  5). 

(b)  With  Radio  Electronic  Combat  —  Step  5  is 
repeated  but  in  the  degrading  EM  environment  produced  by  threat  radio 
electronic  combat  to  insure  that  the  system  and  network  are  capable 
of  surviving  despite  disrupted  communications  (Step  6) • 

It  should  be  noted  that  phases  1  and  2  are  conducted  with 
error  free  communications  and  therefore  provide  a  baseline  for  evalu¬ 
ating  the  effect  of  the  real  world  communications  on  system  perform¬ 
ance. 


The  System  Control  Facility,  the  Realistic  Battlefield 
Environment-Electronic,  and  the  Test  Driver  portions  of  the  MAINSITE 
program  are  essential  to  this  concept  of  test. 

THE  SYSTEM  CONTROL  FACILITY  (SCF) 

The  SCF  is  the  USAEPG  real  time  test  control  and  data  man¬ 
agement  facility  consisting  of  a  large  central  computation  center, 
test  operations  control  centers,  and  communications  to  the  mobile 
remote  test  facilities.  In  addition  to  providing  real  time  control 
to  multiple  test  facilities,  the  SCF  will  be  capable  of  simulating  on 
a  real  time  dynamic  basis  the  responses  of  other  systems  not  physi¬ 
cally  present  for  a  test. 

THE  REALISTIC  BATTLEFIELD  ENVIRONMENT  -  ELECTRONIC  (REBEEL) 

The  REBEEL  is  a  collection  of  mobile  simulators,  replicas, 
and  actual  emitters  which  create  a  controlled  electronic  environment 
to  represent  the  radio  electronic  combat  threat,  targets  for  our  elec¬ 
tronic  sensor  systems  and  the  electronic  environment  representing 
friendly  emitters.  The  REBEEL  will  be  automatically  controllable 
from  the  SCF  permitting  rapid,  repeatable  execution  of  complex  test 
conditions.  Wherever  possible  the  emitter  simulators  will  be  designed 
to  permit  preprogrammed  sequences  of  operations  to  be  executed  without 
dependence  on  the  SCF  for  use  at  locations  other  than  Fort  Huachuca. 

THE  TEST  DRIVER 

Each  Test  Driver  (Fig.  3)  will  consist  of  a  rugged  mini¬ 
computer  with  sufficient  storage  for  messages  (stimuli)  to  be  trans- 
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mitted  and  the  recording  of  all  traffic  across  the  interface. 
Facilities  for  both  remote  and  local  test  monitoring  and  control  as 
well  as  a  communications  interface  with  the  SCF  will  be  included. 

The  Test  Driver  will  automatically  transmit  digital  mes¬ 
sages  over  the  communications  channels  to  the  system  under  test*, 
receive  messages  transmitted  by  the  system  under  test,  and  record  all 
exchanges  over  the  communications  system.  It  will  utilize  pre¬ 
prepared  tapes  of  messages  representing  the  stimuli  to  the  system 
under  test  from  those  elements  of  the  network  which  interface  with 
the  system  under  test  but  are  not  physically  present.  It  will  uti¬ 
lize  the  same  communications  channels,  protocol,  and  encryption 
devices  as  the  missing  systems  to  provide  as  realistic  a  communica¬ 
tion  interface  as  possible.  A  single  Test  Driver  may  have  to  repre¬ 
sent  a  number  of  missing  systems  (Fig.  4);  therefore,  it  must  be 
capable  of  handling  multiple  communications  channels,  various  data 
rates  and  protocols.  The  Test  Drivers  will  be  capable  of  being  con¬ 
trolled  from  the  SCF  or  of  operating  in  a  stand-alone  mode.  Multiple 
Test  Drivers,  controlled  by  the  SCF,  will  be  utilized  when  the  test 
requirements  exceed  the  capacity  of  a  single  Test  Driver.  The  Test 
Drivers  will  be  transportable  to  provide  realistic  communication 
distances  and  to  facilitate  their  use  at  other  locations. 

THE  TECHNICAL  PROBLEMS 

The  planning  for  the  MAINSITE  test  capability  described 
above  has  drawn  heavily  on  experience  gained  during  the  testing  of 
individual  real  time  systems .  This  approach  provides  assurance  that 
the  lessons  learned  in  solving  prior  testing  problems  will  be  applied 
to  the  development  of  future  capability,  but  it  does  not  guarantee 
adequate  solutions  to  problems  yet  to  be  encountered.  Thus  the  motive 
for  this  paper  —  to  attempt  to  Identify  any  new  testing  problems 
which  can  be  anticipated  and  to  generate  interest  in  the  information 
science  community  on  developing  effective  solutions. 

UNANTICIPATED  DATA  CONDITIONS 

The  vast  majority  of  the  literature  on  testing  of  automated 
systems  concentrates  on  proving  that  the  system  correctly  processes 
the  expected  inputs.  There  are  even  automated  techniques  to  trace 
the  execution  of  computer  problems  to  help  identify  all  portions  of 
the  logic  exercised  by  the  test  cases.  (2)  A  good  specification  will 
identify  some  of  the  potential  error  conditions  and  state  what  the 
program  should  do  when  these  errors  occur.  However,  there  has  been 
little,  if  any,  effort  in  identifying  the  potential  sources  of  errors 
in  data  inputs,  determining  the  types  of  errors,  and  developing  the 
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methodology  required  to  generate  and  present  an  adequate  set  of  input 
errors  to  the  system  under  test. 

It  is  very  difficult,  if  not  impractical,  to  construct  a 
complete  set  of  expected  valid  inputs  for  testing  large  programs  but 
they  are  at  least  a  finite  set.  The  error  conditions  represent  the 
remainder  of  the  universe  of  possible  data  inputs  and  are  for  all 
practical  purposes  an  infinite  set.  In  the  large  network  environment 
the  original  source  of  an  error  may  be  far  removed  from  the  system 
that  detects  it;  for  example,  an  operator  at  a  terminal  connected  to 
system  "A"  (see  Fig.  5)  may  compose  a  message  containing  an  error  in 
a  specific  data  element  (field).  System  "A"  may  process  the  message 
and  generate  a  new  message  for  system  which  is  relayed  through 
system  ”B"  containing  the  erroneous  data  element.  The  error  may  not 
be  detected  until  system  ”C"  attempts  to  utilize  the  erroneous  data 
element. 


Techniques  need  to  be  developed  to  provide  methods  to 
identify  all  sources  of  possible  errors,  determine  the  characteristics 
of  the  errors,  quantify  the  probability  of  occurrence,  and  generate 
test  cases  which  will  realistically  test  the  network  and  its  individ¬ 
ual  systems.  An  effort  to  analyze  the  error  sources  in  a  small  por¬ 
tion  of  the  network  shown  in  Fig.  5  has  been  initiated  at  USAEPG  to 
gain  an  insight  into  the  complexity  and  magnitude  of  the  problem. 

NETWORK  DYNAMICS 

Unfortunately  the  Army's  C*^I  systems  are  evolving  into  an 
integrated  network  rather  than  having  a  network  designed  and  specified 
into  which  each  system  must  fit.  It  is  only  natural  for  the  developer 
of  a  specific  system  to  consider  his  system  as  the  center  of  the  uni¬ 
verse  and  when  confronted  with  the  task  of  testing  a  system,  the 
tester  also  considers  the  system  under  test  as  the  center  of  his  uni¬ 
verse.  This  introspective  perception  of  the  testing  task  leads  to  a 
false  sense  of  security  since  testing  is  easier  if  you  bound  the  scope 
of  the  test  even  though  major  errors  of  omission  may  be  committed. 

The  real  world  situation  is  that  the  effect  of  the  network  on  the 
system  under  test,  as  well  as  the  effect  of  the  system  under  test  on 
the  network,  must  both  be  tested.  This  interdependency  is  much  more 
complex  than  most  designers  and  testers  realize.  Let  me  describe  a 
few  examples  of  the  types  of  network  versus  system  relationships 
which  must  function  correctly  for  both  the  system  and  the  network  to 
perform  properly. 

It  is  generally  accepted  that  there  must  be  a  well  defined 
set  of  messages,  to  include  format  and  data  elements,  for  information 
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exchange  between  interoperating  members  of  a  network.  However,  many 
of  the  benefits  of  automating  the  Army  C^I  functions  are  dependent  on 
rapid  allocation  of  resources  to  solve  problems.  Examples  are  mes¬ 
sages  which  task  or  command  an  air  defense  fire  unit  to  engage  a 
hostile  aircraft,  command  a  jammer  to  jam, a  specific  frequency,  com¬ 
mand  an  artillery  unit  to  fire  a  specific  mission,  or  command  a  unit 
to  execute  a  specific  action.  Thus  the  network  is  a  military  process 
control  system  which  requires  that  each  of  the  subsystems  which  con¬ 
trol  a  part  of  the  process  provide  feedback  as  to  the  status  of  their 
part  of  the  process.  A  well  understood  principle  in  the  design  and 
testing  of  on-line  process  control  systems  is  that  the  timing  and 
nature  of  the  feedback  must  be  such  that  oscillations  or  "hunting" 
does  not  occur  and  that  the  network  converges  to  a  steady  state  con¬ 
dition.  This  requires  that  the  processing  of  J:he  messages  which 
command  a  system  to  perform  a  task  must  produce  the  results  and/or 
feedback  (messages)  which  are  well  defined  and  utilized  by  the  network 
to  control  the  overall  process.  This  aspect  of  the  Army’s  C^I  network 
has  not  been  defined  much  less  tested.  The  use  of  the  Test  Driver 
with  appropriate  messages  will  permit  testing  of  a  system  to  determine 
if  it  responds  correctly  to  such  messages  and  performs  the  required 
actions  to  include  providing  the  correct  feedback.  However,  this  will 
not  necessarily  prove  that  the  processing  of  the  feedback  by  the  rest 
of  the  network  and  the  time  constraints  involved  are  correct  and  will 
prevent  oscillations. 

In  addition,  there  are  very  complex  dynamic  problems  associ¬ 
ated  with  the  control  of  the  network  and  its  communications  which  also 
need  to  be  tested.  The  Army  C^I  network  creates  some  unique  network 
control  problems.  The  overall  network  is  constantly  evolving  by  the 
addition  of  new  processing  nodes,  the  modification  of  existing  nodes, 
and  the  changing  of  the  type  of  communications  between  nodes.  The 
network  will  not  be  maintained  in  an  operational  status  for  long 
periods  of  time  except  during  combat.  During  periods  of  combat,  the 
network  will  be  changing  on  a  very  dynamic  basis  due  to  movement  of 
forces,  combat  losses  of  communications  and  nodes,  and  the  functions 
of  individual  processing  nodes  will  change  to  accommodate  the  essen¬ 
tial  functions  of  inoperative  nodes.  All  bf  the  above  presents  a  real 
challenge  to  both  the  designer  of  a  system  and  the  tester. 

How  do  you  generate  the  data  and  communications  environment 
around  the  system  under  test  to  measure  its  ability  to  respond  cor¬ 
rectly  to  such  a  changing  environment,  and  how  do  you  determine  the 
effect  on  the  network  of  the  systems  responses  when  the  network  is 
physically  not  available?  I  do  not  have  the  answer  to  these  quentions 
today.  I  do  anticipate  that  by  utilizing  the  processing  facilities 
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of  the  SCF  to  simulate  the  network  control  logic,  when  it  is  defined, 
we  will  be  able  to  at  least  quantify  individual  systems  response  times 
and  predict  network  stability  under  this  type  of  dynamic  stress. 

CONCLUSION 

There  are  many  problems  in  the  design  and  testing  of  large 
scale  distributed  processing  networks  which  are  not  well  understood 
today.  The  purpose  of  performing  the  tests  discussed  is  twofold; 
first,  to. find  and  eliminate  as  many  errors  in  the  system  and  network 
design  as  possible  and,  second,  to  assist  the  designers  in  developing 
the  most  robust,  adaptive,  distributed  C^I  system  design  possible. 

The  implementation  of  MAINSITE  will  provide  a  powerful  tool  which, 
if  used  properly,  should  provide  significant  advances  in  our  ability 
to  implement  the  Army  C^I  network. 
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INTRODUCTION 

In  response  to  an  approved  Army  requirement  Chemical  Systems 
Laboratory  is  presently  engaged  in  the  engineering  development  of  a 
Biological  Detector  and  Warning  System  (BDWS)  with  thd  capability  to 
detect  the  presence  of  biological  aerosols  and  to  collect  samples  of 
these  aerosols  for  subsequent  analysis.  This  system,  when  fielded  in 
1984,  will  provide  the  United  States  with  a  significant  improvement 
in  its  defense  against  biological  agents  disseminated  from  airborne 
delivery  systems.  The  current  development  program  was  initiated  in 
1975  by  contract  with  the  Environmental  and  Process  Instruments 
Division  of  the.Bendlx  Corporation  [1]. 

Biological  agents  are  primarily  candidate  weapons  systems  for 
large  area  application.  Their  release  as  a  respirable  aerosol  from  a 
single  aircraft  can  easily  present  a  hazard  to  unprotected  humans  in 
an  area  as  large  as  many  hundreds  of  square  kilometers.  The  size  of 
the  area  affected  is  depfendent  upqn  the  type  of  agent,  the  release 
pattern,  and  the  prevailing  meteorological  conditions.  These  weapons 
are  ill  suited  for  use  against  relatively  small  targets  when  accuracy 
in  delivery  is  important.  However,  they  have  great  strategic  impor¬ 
tance,  because  the  resources  required  to  manufacture  a  biological  agent 
and  to  deliver  an  attack  against  a  large  target  area  are  modest,  and 
the  casualties  resulting  from  a  single  attack  can  be  very  high. 

Biological  agent  muhitions  systems  employ  a  variety  of  pathogenic 
organisms  which  Include  bacteria,  rickettsiae,  and  viriises.  The 
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munition  fill  also  contains  impurities  resulting  from  the  processing 
of  the  biologicals  and  stabilizers  added  to  improve  the  viability  of 
the  organisms  during  storage.  All  biological  agents  contain  porphyrin 
compounds  such  as  hematin  or  cytochrome.  Porphyrins  are  essential  to 
the  metabolism  of  bacteria  and  rickettsine,  and  while  not  present  in 
viruses,  they  are  contained  in  the  residual  cellular  material  re¬ 
sulting  from  cultivation  of  viral  pathogens  which  becomes  part  of  the 
munition  fill.  The  detection  system  under  development  is  sensitive  to 
atmospheric  aerosols  containing  porphyrin-type  compounds  and  is  de¬ 
signed  to  provide  an  automatic  alarm  signal  upon  detection. 

Proteinaceous  material  containing  porphyrins  can  be  routinely 
found  in  the  ambient  atmosphere.  These  natural  aerosols  are  usually 
composed  of  spores,  pollens,  and  other  products  resulting  from  the 
life  cycle  processes  of  various  flora  [2],  but  they  often  contain  a 
wide  variety  of  other  materials  due  to  attrition  of  surface  soils  [3]. 
These  aerosols  can  also  contain  products  of  industrial  processes, 
grain  handling,  fertilizer  manufacture,  and  general  agriculture.  The 
temporal  concentrations  of  natural  aerosols  usually  differ  from  those 
associated  with  the  release  of  biologicals  as  a  weapon  system. 
Therefore,  the  detection  of  biological  agents  requires  consideration 
of  the  dynamic  properties,  in  addition  to  the  concentration,  of 
aerosols  containing  porphyrins. 

The  detection  principle  employed  in  the  BDWS  is  the  chemilumines¬ 
cence  resulting  from  the  oxidation  of  luminol  (5-amlno-  2 , 3-dihydro-l , 
4-phthalazinedione)  in  alkaline  solution.  The  general  chemistry  of 
luminol  oxidation  in  nonacidic  solvents,  as  determined  by  White  [4,5], 
is  shown  in  equation  1. 


I  n  KL  m 


The  mononegative  ion  of  luminol  does  not  react  with  oxygen  at  an  ap¬ 
preciable  rate;  therefore,  two  moles  of  base  must  be  added  to  form  the 
dinegative  ion  (II)  which  is  the  critical  intermediate  in  the  reaction 
scheme.  Due  to  the  equilibrium  between  luminol  (I)  and  its  dlanion, 
the  chemiluminescence  is  highly  dependent  on  the  pH  of  the  reaction 
solution.  The  dianion  reacts  with  dissolved  oxygen  through  several 
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intermediate  steps  to  form  an  excited  singlet  state  of  the  amino- 
phthalate  ion  (III)  with  the  liberation  of  molecular  nitrogen.  The 
singlet  rapidly  decays  to  the  ground  state  (IV)  by  emission  of  a 
photon.  The  details  of  the  oxidation  process  are  not  precisely  under¬ 
stood,  but  it  appears  that  free  radicals  are  involved. 

Oxygen  is  supplied  to  the  reaction  by  catalytic  decomposition  of 
peroxide.  The  oxidant  used  in  this  detection  system  is  sodium  perbo¬ 
rate  .monohydrate  (NaBO  'H-O)  which  is  a  true  peroxy  derivative  rather 
than  a  hydrated  salt.  ‘^Porphyrins,  as  well  as  other  transition  metal 
complexes  or  ions,  catalyze  the  decomposition  of  the  perborate  to 
produce  oxygen  and  water  as  shown  in  equation  2. 

2  NaB03-H20  - ^2  NaB02  +  2  H^O  +  0^  (2) 

Since  all  reactants  are  present  in  excess,  the  total  light  emission 
from  the  lumlnol  oxidation  is  directly  proportional  to  the  concentra¬ 
tion  of  catalyst  or  porphyrin-containing  material. 

The  lumlnol  reaction  produces^a  relatively  broad  spectrum  of 
light  extending  from  3500  to  6000  A  [5].  Using  a  photomultiplier  tube 
as  the  photodetector,  an  iron-porphyrin  (hematin)  concentration  of 
10“^  Vg/ml  can  be  detected.  When  this  value  is  translated  to  an 
equivalent  number  of  bacterial  cells,  the  minimum  sensitivity  becomes 
10^  to  10^  cells/ml,  dependent  upon  the  particular  organism.  Although 
materials  other  than  porphyrins  will  catalyze  this  reaction,  it  has 
been  found  that  the  light  emission  rates  are  significantly  slower  for 
porphyrins  than  for  metallic  ions  or  complexes  with  a  non-biological 
origin.  Therefore,  it  is  possible  to  utilize  the  reaction  kinetics 
to  Improve  the  specificity  of  the  detection  scheme. 

DESCRIPTION  OF  SYSTEM 

The  two  principal  components  of  the  BDWS  are  the  XM19  Alarm  and 
the  XM2  Sampler  as  illustrated  in  figure  1.  The  XM19  performs  the 
detection  function  of  the  system  by  continuously  monitoring  the  ambient 
air  and  automatically  sounding  an  alarm  if  biological  agents  are  de¬ 
tected.  The  XM2  fulfills  the  sampling  requirement  of  the  system  by 
collecting  a  sample  of  the  suspected  biological  aerosol  upon  connnand 
from  the  XM19  when  an  alarm  is  declared. 
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Figure  1.  Operational  view  of  the  BDWS  showing  the  XM19  Alarm 
(left)  and  the  XM2  Sampler  (right) . 


The  XM19  Alarm  is  formally  identified  as  the  Alarm,  Biological 
Agent,  Automatic:  Chemiluminescence,  XM19.  It  is  being  developed  for 
Army  field  use  in  all  environments  except  the  Arctic.  The  XM19  con¬ 
sists  of  three  sequential  processes  which  are  shown  in  figure  2,  The 
air,  liquid,  and  electronic  subsystems  have  each  been  designed  to 
enhance  both  the  sensitivity  and  the  specificity  of  the  detector. 

The  overall  function  of  the  combined  detection  system  is  to  contin¬ 
uously  transfer  aerosol  particles  having  properties  characteristic 
of  biological  agents  from  the  atmosphere  into  a  minimum  volume  of 
liquid.  Periodically,  the  liquid  sample  is  reacted  with  luminol  and 
the  resulting  light  emission  analyzed  to  determine  whether  or  not  a 
biological  attack  has  occurred. 
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XMI9  detector/alarm 


ELECTRONIC 


Figure  2.  Block  diagram  of  the  XM19  functional  configuration. 


The  air  handling  subsystem  samples  ambient  air  at  a  rate  of 
1000  £/min.  The  air  enters  through  a  screen-covered  annulus,  which 
prevents  the  ingestion  of  very  large  objects  such  as  insects,  followed 
by  two  stages  of  dichotomous,  or  virtual  impaction.  This  device, 
identified  as  the  collector-concentrator,  was  developed  by  the  Envi¬ 
ronmental  Research  Corporation  [6]  for  this  specific  application.  The 
first  impaction  stage  utilizes  eighteen  circular  jets  arranged  in  two 
concentric  circles.  Each  nozzle  is  designed  for  a  50%  cut-off  diam¬ 
eter  (dc«)  of  2.5  micrometers  (pm)  based  on  a  specific  gravity  of  1.0. 
These  larger  aerosol  particles  are  concentrated  into  15%  of  the  total 
volume  of  sampled  air  and  directed  through  a  single  rectangular  slit 
having  the  same  cut-off  characteristics  as  the  first  stage.  In  this 
second  stage  the  larger  particles  are  again  concentrated  into  10%  of 
the  volume  of  incoming  air.  The  remaining  air  is  combined  with  the 
unused  fraction  from  the  first  stage  and  exhausted  through  a  secondary 
port.  Through  the  use  of  two  stages  of  separation,  particles  having 
an  aerodynamic  diameter  greater  than  2.5  pm  are  concentrated  from  a 
sampled  airstream  of  1000  Jl/mln  into  15  il/mln.  Efficiency  measure¬ 
ments  have  shown  that  over  70%  of  the  sampled  particles  in  the  size 
range  from  3  to  8  pm  are  transferred  to  the  output  of  the  concentrator. 
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This  enriched  aerosol  is  employed  for  detection,  and  the  remaining 
sampled  air  is  used  for  heat  exchange  and  then  exhausted  from  the 
unit.  The  enriched  air  sample  is  directed  onto  the  surface  of  a 
continuously  moving  adhesive-coated  tape  through  a  rectangular  slit 
impactor.  The  collection  tape  was  especially  developed  for  this 
application  by  Southern  Research  Institute  [7]. 

The  impacted  material  is  transported  by  the  tape  to  an  adjacent 
device  which  provides  an  interface  between  the  air  and  liquid  sub¬ 
systems.  This  component,  identified  as  the  wash  station,  permits 
physical  contact  of  the  wash  fluid  (sterile  water)  with  the  impaction 
surface  across  a  meniscus  defined  by  the  geometry  of  the  wash  station. 
The  washing  of  the  tape  causes  agglomerates  such  as  biological  par¬ 
ticles  to  separate,  releasing  individual  cells  into  the  water. 

Discrete,  homogeneous  particles  are  not  easily  removed  by  the  washing 
operation  and  tend  to  remain  attached  to  the  tape.  As  a  result,  some 
differentiation  between  biologicals  and  non-biologicals  is  obtained  by 
the  overall  tape  impaction/washing  process.  The  collection  tape  de¬ 
velopment  optimized  the  tape  coating  to  provide  the  greatest  degree 
of  differentiation  possible  between  simulant  biological  aerosols  and 
dusts  generated  from  a  representative  group  of  soil  samples. 

The  wash  water  is  transferred  by  an  injection  pump  from  the  wash 
station  to  a  reaction  cell.  The  pump  is  a  dual  assembly  which  simulta¬ 
neously  injects  equal  volumes  of  the  wash  water  and  the  premixed 
reagent  solution  into  the  reaction  cell  every  ten  seconds.  The 
reagent  or  ”premix”  is  an  alkaline  solution  of  lumlnol,  sodium  perbo¬ 
rate,  and  ethylenediaminetetraacetic  acid  (EDTA)  •  The  composition  of 
the  premix  has  been  optimized  to  accentuate  the  differences  in  reaction 
rates  between  porphyrins  and  other  metallic  complexes  or  ions  [7,8]. 

The  reaction  cell  consists  of  a  double  spiral  of  transparent  tubing 
mounted  on  a  thermoelectric  module  which  maintains  the  reaction  tem¬ 
perature  at  25 ®C.  The  cell  is  closely  coupled  to  an  end-window  photo¬ 
multiplier  tube  (EMI  Type  9524B) . 

The  photomultiplier  converts  the  rate  of  light  emission  from  the 
reaction  cell  to  a  voltage  analog  which  is  processed  by  the  electronic 
subsystem.  All  signal  processing  is  performed  by  a  dedicated  micro¬ 
computer  utilizing  the  8080A  as  the  central  processing  unit.  The 
signal  from  the  photomultiplier  is  sampled  and  digitized  at  0.1  second 
intervals  during  the  first  eight  seconds  of  each  injection  cycle.  The 
resulting  80  data  points  describe  a  reaction,  or  light  emission,  rate 
profile  which  is  further  reduced  to  two  descriptive  parameters  de¬ 
signated  as  A  and  B.  A  is  the  arithmetic  average  of  data  points  2 
through  5,  and  B  is  the  average  of  points  6  through  80.  The  A  and  B 
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values  are  computed  by  the  microcomputer  during  the  last  two  seconds 
of  the  injection  cycle.  Both  of  the  parameters  are  then  corrected  for 
background  aerosol  "noise"  by  subtracting  average  background  signals 
to  produce  net  values  denoted  by  AA  and  AB.  These  background  levels 
are  approximated  by  exponential  moving  averages  of  the  parameters 
which  are  computed  using  a  first-order  time  constant  of  ten  minutes 
(60  injection  cycles).  When  the  unit  is  not  in  alarm,  these  averages 
are  updated  at  the  end  of  each  injection  cycle  for  use  in  calculating 
corrected  values  during  the  next  cycle. 

Figure  3  shows  two  XM19  reaction  profiles  which  illustrate  the 
difference  in  light  emission  kinetics  between  porphyrin  compounds  and 
transition  metal  ions.  The  A  and  B  parameters  act  as  weighting  factors 
with  A  representing  the  contribution  of  non-biologicals  and  B  repre¬ 
senting  the  contribution  of  biologicals  to  the  reaction.  Therefore, 
the  ratio  of  AB:AA  indicates  whether  the  material  is  predominately 
biological  or  non-biological  in  nature.  For  the  examples  in  figure  3, 
the  AB:AA  ratio  is  0.4  for  the  ionic  and  1.1  for  the  biological 
reaction. 


Figure  3.  XM19  reaction  rate  profiles  for  hematln  and  cobalt 
chloride. 
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The  AA  and  AB  parameters  are  evaluated  by  a  logic  algorithm 
within  the  microcomputer  program  to  determine  the  alarm  status  of  the 
unit  at  the  end  of  each  injection  cycle.  An  alarm  condition  (poten¬ 
tial  alarm)  exists  when  AB  is  both  greater  than  a  fixed  threshold 
value  and  greater  than  90%  of  AA.  An  alarm  is  declared  after  six 
consecutive  alarm  conditions  if  the  AB  values  increase  monotonically . 
When  this  restriction  on  the  dynamics  of  the  response  is  not  satisfied, 
the  alarm  sounds  after  the  seventh  consecutive  alarm  condition  pro¬ 
vided  that  the  current  value  of  AB  is  at  least  two-thirds  of  the 
maximum  value  of  AB  during  the  first  five  alarm  conditions.  If  this 
second  dynamic  restriction  is  also  violated,  the  alarm  condition 
counter  is  reset  to  zero.  The  value  of  the  alarm  threshold  is  con¬ 
sistent  with  the  calibration  of  the  unit  and  the  military  requirements. 
The  critical  ratio  of  AB:AA  has  been  optimized  to  give  maximum  dis¬ 
crimination  between  biological  and  non-biologlcal  materials  without 
compromising  detection.'  This  algorithm  also  exploits  the  unique 
dynamic  properties  of  biological  agent  aerosols  within  the  limita¬ 
tions  imposed  by  response  time  constraints. 

The  XM19  operates  from  120  V,  60  Hz  electrical  power.  Control  of 
the  operational  functions  is  maintained  by  the  microcomputer.  In 
addition  to  providing  an  alarm  signal  upon  detection  of  a  biological 
aerosol,  it  performs  a  variety  of  self  checks  to  insure  correct  air 
pressures,  liquid  flows  and  temperatures.  Detection  of  any  improper 
condition  generates  a  malfunction  signal  to  alert  the  operator  of  the 
need  for  corrective  action. 

Servicing  the  XM19  consists  of  replacing  two  reagent  containers 
(one  containing  the  premixed  reagent  solution  and  the  other  sterile 
water)  and  the  collection  tape.  The  tape  is  provided  in  an  easily 
replaceable  cassette-type  housing.  The  XM19  can  operate  unattended 
up  to  twenty-fours  hours  before  reservlcing  is  required.  The  expend¬ 
ables  required  for  servicing  are  provided  to  the  operator  as  a  refill 
kit. 


The  development  of  the  XM19  refill  kit  placed  great  emphasis 
upon  the  need  to  minimize  manipulations  by  the  operator.  Important 
design  constraints  were  the  requirement  of  minimal  skills  and  training 
of  military  personnel  for  satisfactory  operation  and  recongnition  of 
the  need  to  perform  servicing  under  difficult  circumstances.  As  a 
result,  the  refill  kit  was  designed  to  provide  prepackaged  reagents 
for  servicing  the  XM19.  The  kit  contains  expendables  for  7  days  of 
'operation.  The  water  required  to  wash  the  tape  is  contained  in  sealed, 
clear  containers  which  are  sterilized  by  gamma  irradiation  at  the  time 
of  manufacture.  The  reagent  solution  is  provided  in  a  yellow  con¬ 
tainer  for  easy  Identification.  To  ready  this  solution  for  use,  the 
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operator  adds  a  tablet  of  sodium  perborate  which  is  provided  in  a 
sealed  tear  packet.  The  container  is  then  shaken  to  dissolve  the 
tablet,  and  the  premix  is  ready  for  use.  It  was  found  necessary  to 
separately  package  the  sodium  perborate  in  order  to  avoid  rapid  de¬ 
composition  of  the  reagent  during  storage.  This  packaging  scheme  for 
the  refill  kit  is  expected  to  provide  a  shelf  life  in  excess  of  two 
years. 

For  routine  performance  checks  of  the  XM19,  a  simulant  is  pro¬ 
vided  in  the  refill  kit.  A  small  dispenser  containing  microencap¬ 
sulated  cobalt  chloride  and  a  propellant  aerosolizes  metered  amounts 
of  the  simulant.  By  switching  to  a  special  test  algorithm,  the  ionic 
reaction  produced  by  the  cobalt  is  properly  Interpreted  by  the  micro¬ 
computer  so  that  an  alarm  signal  is  generated  if  the  XM19  is  function¬ 
ing  correctly.  The  simulant  and  dispenser  were  developed  under  con¬ 
tract  by  .Southern  Research  Institute  [1]. 

♦ 

In  the  development  of  the  XM19,  considerable  attention  was  given 
to  the  design  of  key  components  and  the  materials  of  construction. 

The  performance  requirements  are  such  that  a  rapid  response  to  biolog¬ 
ical  aerosols  is  essential.  Therefore,  it  was  necessary  to  develop 
components  which  require  small  volumes  of  fluids  and  which  do  not  con¬ 
taminate  or  Influence  the  reactive  properties  of  sampled  organisms. 
Silicone  tubing  is  employed  for  liquid  transfer.  Gas-tight  syringes 
with  fluorocarbon  tips  are  used  in  the  injection  pump  assembly.  The 
wash  station  proved  to  have  a  number  of  unique  design  problems  and 
required  more  development  effort  than  any  other  single  component.  The 
current  design  has  demonstrated  excellent  reproducibility  in  its 
transfer  characteristics  and  can  be  manufactured  inexpensively  by 
injection  molding. 

The  XM19  has  been  tested  in  authorized  Government  laboratory 
facilities  against  a  variety  of  pathogenic  organisms,  including 
bacteria, rickettsiae, and  viruses,  that  are  representative  of  possible 
biological  agents.  The  performance  meets  the  stated  Army  requirements. 
Although  the  reaction  kinetics  vary  with  each  material,  the  calibra¬ 
tion  of  the  unit  has  been  established  on  the  characteristics  of 
candidate  agents  which  have  the  lowest  reactivity  to  luminol.  Thus, 
the  detection  requirements  are  satisfied  for  a  wide  range  of  patho¬ 
genic  materials. 
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The  other  principal  component  of  the  BDWS  Is  the  Sampler , 
Biological  Agent:  XM2.  When  activated  by  a  co-located  XM19,  It  auto¬ 
matically  samples  the  atmosphere,  collects  aerosol  particles,  and 
retains  the  sample  In  an  environment  which  will  maintain  the  viability 
of  biological  organisms.  The  XM2  Is  composed  of  three  functional 
subsystems,  as  shown  In  figure  4,  which  parallel  those  of  the  XM19. 

The  air  handling  subsystem  performs  the  same  sampling  and  aerosol  con¬ 
centration  function  as  In  the  XM19  by  utilizing  an  Identical  collector- 
concentrator. 


XM2  SAMPLER, BIOLOGICAL 


■Figure  4.  Block  diagram  of  the  XM2  functional  configuration. 


The  enriched  aerosol  from  the  concentrator  Is  directed  Into  one 
of  two  sample  containers  which  compose  the  collection  subsystem. 
These  devices,  referred  to  as  wet  collectors,  are  compone^s  of  the 
XM2  refill  kit.  The  wet  collectors  are  molded  from  Lexan  and  con¬ 
tain  40  ml  of  physiological  saline  with  0.67  M  phosphate  buffer  (pH 
7.2)  and  0.05%  Tween  80'™.  Details  of  the  wet  collector  design  [9] 
are  shown  In  figure  5. 
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The  XM2  wet  collectors  have  been  tested  in  authorized  Government 
laboratory  facilities  against  a  variety  of  pathogenic  organisms  [10], 
Including  bacteria,  rickettsiae, and  viruses,  that  are  representative  of 
possible  biological  agents.  The  performance  to  date  meets  the  stated 
Army  requirements. 


SUMMARY 

The  fielding  of  the  Biological  Detector  and  Warning  System  in 
1984  will  provide  a  unique  early  detection  and  warning  capability 
against  biological  attack  which  will  materially  Improve  the  defensive 
posture  of  U,  S,  forces.  While  the  design  of  the  BDWS  addresses 
military  needs,  the  equipment  may  find  other  applications.  The  XM2 
offers  a  unique  capability  to  collect  concentrated  samples  of  partic¬ 
ulates,  and  it  could  prove  useful  in  atmospheric  pollution  studies. 

The  XM19  provides  a  means  of  detecting  the  presence  of  various  re¬ 
active  particulates  with  approximately  real  time  resolution.  All 
operating  data  from  XM19  prototypes  are  being  stored  on  magnetic  tape 
to  create  a  library  of  ambient  aerosol  reaction  rate  profiles.  Further 
study  of  these  data  may  suggest  additional  non-military  applications 
for  this  equipment. 
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1.  INTRODUCTION 


The  objective  of  this  research  is  to  design  and  demon¬ 
strate  an  automated  technique  for:  the  identification  of  smoke 
and  dust  types  observed  in  simulated  battlefield  environments;  the 
derivation  of  the  geometry  and  external  dynamics  of  these 
features;  and  prediction  of  the  trajectory,  expansion,  and  disper¬ 
sion  rates  with  time.  The  premise  is  that  the  use  of  currently 
operational  passive  multispectral  image  collection  systems  -  with 
output  that  is  functional  in  a  digital  processing  mode  -  will  re¬ 
veal  information  that  either  cannot  be  obtained  from  data  acquired 
by  conventional  analog  techniques  such  as  photography  or  at  least 
not  as  quickly  and  conveniently  for  the  purpose  of  effec¬ 
tiveness,  An  extension  of  this  effort  will  be  to  correlate  this 
information  with  particulate  and  transmissivity  measurements  in 
order  to  accurately  quantify  the  cloud  surface  into  values  that 
are  feasible  as  input  to  transport  and  diffusion  modeling, 

2,  DATA  DESCRIPTION  AND  ACQUISITION 

The  imaged  data  input  to  the  techniques  development  are 
analog  tape  recorded  raster-scan  pictures  of  the  smoke/dust 
scenes.  These  records  result  from  observations  of  the  field 
scenes  with  optical-vldicon  sensors  that  frame  record  at  rates  of 
60  per  second  and  are  capable  of  measurement  in  numerous 
wavelength  bandpasses.  The  records  are  digitized  to  9-track  com¬ 
puter  compatible  tapes  in  arrays  of  250  x  300  8-blt  data 
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samples.  The  basic  field  data  acquisition  configuration  for  pre¬ 
vious  field  tests  has  consisted  of  a  bank  of  four  boreslghted  sen¬ 
sors  recording  simultaneously  In  wavelengths  of  O.Sjj  -  O.Tp,  1.06p 

i  0.2u,  3.0y-  S.Oy,  and  8.0y—  14.0v.  In  the  field  tests  to  date, 
data  was  recorded  from  two  stations  positioned  iipproilmately  70 
degrees  apart  In  perspective  of  the  smoke/dust  ignition  location 
and  provided  eight  simultaneous  Image  data  sets.  Over  100 
smoke/dust  events  have  been  observed  and  recorded  during  partic¬ 
ipation  In  the  following  field  experiments; 

_DIrt_I_.  White  Sands  Missile  Range,  September  1978,  sponsored 
by  the  US  Army  Atmospheric  Sciences  Laboratory,  32  events,  HE. 

Smoke  Week  II.  Eglln  AFB,  October  1978,  sponsored  by  the  PM 
Smoke  Office,  30  events,  smokes  of  all  types. 

^ljrt_I^.  White  Sands  Missile  Range,  August  1979,  sponsored  by 
the  US  Army  Atmospheric  Sciences  Laboratory,  40  events,  HE  - 
105mm,  155mm,  and  C-4. 

■Dirt  III.  Fort  Polk,  Louisiana,  April  and  May  1980,  cospon¬ 
sored  by  the  US  Army  Atmospheric  Sciences  Laboratory  and  the  US 
Army  Corps  of  Engineers,  70  events,  HE  -  155mm,  105mm,  and  C-4. 

Additional  data  will  be  acquired  from  the  Smoke  Week  III 
experiment  to  be  conducted  at  Eglln  AFB  in  early  August  1980  spon¬ 
sored  by  the  IM  Smoke  Office. 

The  time  incrementation  selected  for  digitization  of  the 
analog  image  records  of  the  earlier  field  experiments  varied  due 
to  the  uncertainty  of  what  selection  would  adequately  and  effi¬ 
ciently  describe  the  growth  history  of  the  feature.  Prior  to  the 
Dirt— II  field  test,  it  was  established  that  an  incrementation  of 
0.1  second  for  the  first  second  of  the  event  and  0.5  second  from 
1.0  to  10.0  seconds  would  achieve  a  comprehensive  observation  of 
the  effects  of  the  initial  blast  phase  of  the  event.  The  exter¬ 
nally  apparent  physical  changes  that  occurred  during  the  buoyant 
and  transport  phases  were  in  most  cases  suitably  described  with  a 
2.0-second  incrementation  -  from  10.0  seconds  into  the  event  until 
dissipation.  All  analog  tapes  have  been  retained  should  the  need 
arise  to  study  selected  events  in  finer  detail. 
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3.  TECHNIQUE  DEVELOIMENT  FOR  EXTRACTION  OF  CLOUD  DIMENSIONS 

The  initial  issue  undertaken  upon  availability  of  the 
first  digitized  image  data  sets  of  the  Dlrt-I  events  was  the 
design  of  a  scheme  for  isolation  of  the  dust  feature  from  the  re¬ 
mainder  of  the  scene.  A  variety  of  feature-isolation  algorithms 
was  constructed  and  applied  to  the  least  difficult  condition  — 
sequential  scenes  acquired  from  one  sensor  station  and  in  one 
bandpass.  The  procedure  fundamental  to  the  solution  was  to  sub¬ 
tract  the  gr^  level  values  of  the  array  of  picture  elements  of  a 
scene  recorded  Immediately  prior  to  ignition  from  those  corre¬ 
sponding  elements  in  scenes  that  followed  and  contained  the  dust 
feature.  A  refinement  of  this  approach  was  developed  later;  the 
gray  level  slope  gradient  was  computed  for  the  adjacent  picture 
elements  in  each  of  the  scenes  prior  to  the  subtraction.  This 
step  tends  to  subdue  the  effects  of  both  the  high  frequency  noise 
and  picture  wide,  average  gray  level  value  differences  between 
scenes  (figure  1). 

Now  that  the  picture  elements  which  comprise  the  feature 
have  been  isolated  and  consequently,  the  perimeter  well  defined, 
the  matter  of  calculating  the  geometry  is  relatively  simple.  The 
area  of  the  feature  is  the  product  of  the  number  of  picture  ele¬ 
ments  and  the  spatial  dimension  per  picture  element  as  a  function 
of  the  sensor  resolution.  The  height  and  width  of  the  feature  are 
the  maximum  spatial  separations  in  the  vertical  and  horizontal, 
respectively,  and  again  the  number  of  picture  elements  times  reso¬ 
lution.  For  the  purpose  of  temporal  tracking  of  the  feature  and 
for  statistical  correlation  of  growth  with  time,  it  was  determined 
that  the  most  efficient  and  accurate  means  would  be  to  fit  an  el¬ 
lipse  to  the  picture  elements  that  comprise  the  feature 
perimeter.  The  centroid  of  this  ellipse  would  then  be  the  best 
estimate  of  the  apparent  center  of  mass;  therefore,  distance  and 
height  relationships  as  a  function  of  time  could  be  derived  by 
counting  picture  element  separations.  Typical  computational  out¬ 
put  are  these  kinds  of  values!  major  axis,  minor  axis,  inclina¬ 
tion  of  the  major  axis,  and  the  height  and  lateral  offset  of  the 
centroid  from  the  location  of  Ignition  (figures  2  and  3). 

An  additional  operation  is  the  relative  quantization  of 
the  cloud  surface  reflectance.  This  is  being  treated  by  one  of 
two  methods:  by  contouring  the  raw  intensity  array,  or  by  con¬ 
touring  the  slope  gradient  array  that  results  from  the  subtraction 
procedure.  In  either  case,  the  contour  interval  is  selected  to 
portray  a  reasonable  representation  of  the  luminance  distribution 
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Figure  1.  Computer  array  subtraction. 
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2.  Smoke  Week  II,  Eglln  AFB,  example  of  geometry  measurements. 
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Figure  3.  DIRT-II,  ^te  Sands  Missile  Range,  New  Mexico, 
example  of  geometry  measurements. 


216 


*BLACKMAN 


of  the  surface.  In  the  future,  an  effort  will  be  made  to 
calibrate  selected  levels  with  transmissivity.  The  spatial  integ¬ 
rity  of  the  array  is  such  that  if  the  picture  element  location  is 
known  where  an  absolute  measurement  has  been  obtained,  then  ex¬ 
trapolation  is  feasible  throughout  the  scene  array. 

In  the  majority  of  cases,  the  use  of  data  from  one 
bandpass,  particularly  that  from  the  1.06|i  sensors,  has  proven 
satisfactory  for  extracting  two-dimensional  feature  geometry. 
Occasionally,  when  the  scene  contrast  range  is  compressed,  as 
evidenced  with  the  minimal  lighting  conditions  found  in  very  early 
morning  or  early  evening,  some  difficulty  may  occur  in  the  separa¬ 
tion  of  feature  from  background.  Therefore,  the  next  logical 
progression  in  techniques  development  was  to  treat  multiple  band- 
passes  in  search  of  compensating  strengths. 

The  prerequisite  of  multiband  analysis  is  accurate 
spatial  registration  and  common  scaling  of  the  digital  arrays. 
Every  picture  element  in  the  array  of  one  band  must  match  the 
corresponding  picture  elements  in  the  other  arrays  —  both  posi¬ 
tionally  in  the  image  plane  and  in  scale.  The  design  and  utiliza¬ 
tion  of  tailored  interpolation  algorithms  achieved  the  necessary 
relative  scaling  and  magnification  or  reduction  of  the  arrays. 

Two  different  approaches  have  been  tested  with  pairs  of 
time  coincident  data  arrays  (recorded  from  the  0.5y  to  0.7u  and 
1.06u  spectral  regions).  One  method.  Initially  similar  to  the 
single  bandpass  technique  discussed  above,  performs  array  subtrac¬ 
tion  on  each  of  the  two  spectral  scenes  from  their  respective 
scenes  prior  to  ignition.  Those  picture  element  locations  from 
one  spectral  array  that  indicate  presence  of  the  dust  feature  are 
summed  with  the  residual  from  the  other  bandpass.  The  resultant 
array  produces  a  "window”  (a  discrimination  of  the  feature  from 
all  other  characteristics  of  the  scene).  This  window,  or  negative 
mask,  can  either  be  used  directly  as  a  definition  of  boundary  for 
computation  of  the  dimensional  parameters  of  the  feature,  or  su 
perlmposed  upon  the  raw  data  array  for  either  of  the  two  band- 
passes,  thereby  permitting  relative  contouring  of  the  selected 
wavelength. 

The  second  approach,  called  a  multiband  training— field 
classification  technique,  is  one  commonly  applied  in  other  disci¬ 
plines  (forestry,  crop  identification,  etc.).  It  interprets  the 
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interrelationship  of  two  (or  more)  bandpasses  at  each  picture  ele¬ 
ment  location.  This  relationship  is  first  established  by  observ¬ 
ing  or  evaluating  the  respective  gray  level  ranges  found  within 
subarrays  dimensioned  in  the  preignltlon  scene  where  the  object 
features  are  known  (sky,  terrain,  etc.).  Now,  every  feature  is 
classified  and  the  "signature”  pairs  of  spectral  gray  level  ranges 
are  saved  for  comparison  with  each  picture-element-pair  of  a  new 
scene.  This  comparison,  on  a  picture  element  position  basis,  will 
flag  any  anomaly  or  the  presence  of  an  object  foreign  to  the 
"training”  scheme  and  note  the  location  of  that  picture  element. 
The  accumulation  of  these  positions  will  define  the  portion  of  the 
scene  that  is  dust/ smoke  (figure  2).  In  turn,  an  automatic  evalu¬ 
ation  of  the  "anomalous"  gray-level  ranges  will  establish  a  new 
feature  signature  that  will  be  used  in  the  classification  of  sub¬ 
sequent  scenes. 

The  8.0y  to  14. Oy  data  has  been  treated  strictly  with  the 
single-band  extraction  technique  for  definition  of  boundary  and 
the  results  registered  with  the  geometry  calculations  derived  by 
one  of  the  techniques  discussed  above  (figure  4).  The  predictable 
fact  that  the  perimeter  of  the  S.Oy  to  14. Ou  bandpass  is  seldom 
found  coincidental  with  feature  perimeters  calculated  from  the 
other  bands  was  learned  very  early  in  this  research.  In  most 
cases,  especially  with  high  explosives  and  white  phosphorous,  the 
temperature  band  is  greater  in  extent  and  area  during  the  initial 
phase  of  the  event  and  then  subsides  rather  rapidly  back  to  within 
the  particulate  perimeter.  There  appears  to  be  a  distinctive  cor¬ 
relation  of  this  dissipation  rate  to  the  type  of  smoke,  and  in  the 
case  of  the  high  explosive,  to  the  size  of  the  charge. 

Only  preliminary  results  have  been  achieved  in  recently 
Instituted  attempts  to  correlate  data  acquired  simultaneously  from 
two  widely  separated  sensor  perspectives.  Perfection  of  a  method 
is  one  of  the  primary  goals  of  this  research,  realizing  that  the 
results  will  provide  a  means  of  accurately  calculating  the  volume 
and  drift  direction  of  the  feature.  The  reasonable  assimption  is 
that  the  ellipse  is  the  best  generalized  estimate  of  the  shape  of 
the  feature  and  that  the  centroid  is  the  best  estimate  of  the  ap¬ 
parent  center  of  mass.  The  approach  is  to  project  each  of  the  two 
ellipses  from  their  respective  two  dimension  domains  into  three 
dimension  space  and  to  translate  the  respective  centroids  to  a 
common  point  space  position,  thereby  establishing  the  origin  for 
the  three  dimensional  coordinate  system.  Tlie  angular 
relationships  and  dimensions  of  the  two  pairs  of  axes  will  fix 
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Figure  4 .  Multiband  analysis  technique 

(0.5p  -  0.7y,  1.06p  ±  0.2p,  8. Op  -  14. Op). 
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points  in  the  coordinate  system  at  the  surface  of  an  ellipsoid. 
The  ellipsoid  mass,  orientation,  and  unit  translation  with  time 
would  Itself  be  the  best  estimate  of  the  three  dimensional  charac¬ 
ter  of  the  smoke  or  dust  feature#  Other  techniques  will  be 
tried:  photogramme trie  mapping  of  the  actual  surface  and  statis¬ 
tical  extrapolation  of  all  or  some  of  the  dimensions  calculated  by 
the  techniques  discussed  earlier,  etc* 

4.  STATISTICAL  ANALYSIS 


Trends  in  the  parameters  resulting  from  dimensional 
analysis  of  the  Dirt  and  Smoke  Week  field  experiments  are  being 
evaluated  for  the  purpose  of  designing  statistical  schemes  for 
identifying  the  type  and  size  of  the  source  of  the  feature  and 
prediction  of  the  growth  dimensions  and  transport  distance  with 
time  (figure  5)# 

The  events  of  the  three  Dirt  tests  were  numerous  detona¬ 
tions  of  C-4,  and  static  and  tube-delivered  155mm  and  105mm  HE 
rounds#  The  static  rounds  were  used  to  simulate  a  variety  of  im¬ 
pact  orientations  by  positioning  a  single  round/event  either  at 
the  surface  or  at  a  known  subsurface  depth  and  in  various  angular 
configurations  in  respect  to  the  surface#  The  resultant 
dust/ smoke  clouds  were  observed  to  effect  fairly  characteristic 
dimensions,  shapes,  sizes,  and  temperature  extinction  rates.  The 
amplitudes  of  these  measurements  were  controlled  by  the  soil  and 
vegetation  characteristics  of  the  locality  but,  interestingly,  the 
meteorology  did  not  distort  the  source-related  dynamics  of  the 
feature  until  at  least  8  or  10  seconds  into  the  event#  In  this 
short  time  frame,  certain  of  the  dimensional  parameters  associated 
with  given  sets  of  source  conditions  have  behaved  with  measurable 
consistency,  hence,  the  provision  of  a  means  for  type  classifica¬ 
tion# 


The  algorlthn  is  a  decision  comparison  of  the  ratios  of 
combinations  of  the  computed  slopes  for  segments  of  curves  derived 
from  a  time  sequence  of  each  of  the  dimension  measurements  ex¬ 
tracted  by  one  of  the  techniques  described  earlier  in  the  paper# 
The  comparison  is  made  with  ratio  values  known  to  correspond  to  a 
given  set  of  source  conditions#  The  parameters  found  most  useful 
so  far  are  these: 

^g/bs  =  ratio  of  the  slopes  of  the  major  and  minor  axes 
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Yg/Xg  =  ratio  of  the  slopes  of  the  height  of  the  centroid 
above  a  horizontal  plane  containing  the  ignition  loca¬ 
tion  and  the  transport  (offset)  distance  from  the  ig¬ 
nition  point 

Ig/Xg  ~  ratio  of  slopes  of  the  inclination  of  the  major  axis 
and  the  transport  distance. 

Experimentation  is  under  way  to  use  numerous  combinations  of  these 
slope  parameters  in  a  multidimensional  space  coordinate  system, 
whereby  defined  "cluster"  classification  separations  may  enhance 
the  decision  accuracy. 

The  establishment  of  a  procedure  for  prediction  of 
feature  growth  and  trajectory  track  with  time  has  been  approached 
in  three  ways:  direct  extrapolation  of  a  quadratic  fit  to  the 

first  few  seconds  accumulation  of  computed  dimension  data  and  the 
extrapolation  of  the  slopes  from  short-time  segments  of  least- 
square  curves  representative  of  the  earlier  dimensions.  Either 
of  these  approaches  works  satisfactorily  for  predictions  up  to  15 
to  20  seconds  subsequent  to  the  time  of  the  calculation  (data  ac¬ 
quisition  time)  but  can  become  erratic  for  greater  time  spans. 
The  most  promising  approach  currently  being  investigated  is  the 
application  of  a  stochastic  predictor/corrector  interpreter  of  the 
early  data.  The  one  being  tested  is  the  "Kalman  filter"  and  pre¬ 
liminary  results  indicate  the  possibility  of  extrapolation  at 
least  as  far  in  advance  as  2  minutes  from  the  calculation. 

5.  SUMMARY  OF  PROJECT  STATUS  AND  PROBLEMS 

As  with  most  research  projects,  the  predominate  ptoblems 
are  an  insufficient  base  of  controlled  test  data  and  the  quality 
of  the  data  itself.  The  data  base  has  begun  to  expand  bloth  in 
volume  and  variety  due  to  increasing  interest  in  the  technique  arid 
the  results  and,  consequently,  invitations  for  participation  in 
many  field  tests.  As  for  data  quality,  the  acquisition  and  tile 
computer  handling  procedures  have  improved  progressively  and  the 
availability  of  sensors  with  Improved  resolution  and  slgnal-tci- 
-nolse  ratios  is  under  review.  The  slgnal-to-nolse  related  prob¬ 
lems  have  required  the  development  of  special  data  enhancement 
algorithms  that  would  be  unnecessary  if  the  sensor  output  was  of  a 
better  quality. 
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The  battlefield  environment  modeling  researchers  have  set 
a  requirement  for  computation  of  the  geometry  for  all  events  from 
all  field  tests  in  which  we  participate.  The  information  being 
furnished  reflects  the  status  of  our  techniques  research  and  com¬ 
puter  program  engineering  -  the  more  recent  the  information,  the 
more  accurate  and  comprehensive. 

At  this  stage,  the  technique  for  computing  the  cloud  ge¬ 
ometry,  derived  from  data  acquired  from  one  perspective  and  two 
bandpasses,  is  functional  with  only  computer  data  handling  effi¬ 
ciency  still  in  work.  The  registration  scheme  for  matching  the 
feature  perimeter  of  the  thermal  bandpass  with  the  geometry  is  op¬ 
erational.  The  technique  for  extracting  three  dimensional  infor¬ 
mation  from  two  or  more  perspectives  is  yet  in  the  preliminary 
stages  of  development;  early  testing  with  a  few  data  sets  have 
proven  the  feasibility.  The  feature  identification  scheme  func¬ 
tions  for  nearly  all  test  data  on  hand,  but  at  this  stage,  with  a 
high  degree  of  interactivity  with  the  computer.  Adaption  of  an 
automatic  procedure  is  in  a  very  early  level  of  development.  The 
method  for  predicting  feature  growth  and  transport  is  in  a  similar 
state  of  design. 

There  are  many  important  sub  investigations  of  this  re¬ 
search  that  are  in  planning.  A  fundamental  need  is  the  capability 
to  transform  the  output  of  the  techniques  discussed  here  to  match 
the  output  of  specific  surveillance  and  designator  systems  cur¬ 
rently  in  battlefield  inventory.  Although  the  data  used  in  this 
project  are  acquired  in  wavelength  ranges  of  the  spectrum  common 
to  most  fielded  systems,  a  refinement  of  accuracy  could  be 
achieved  if  the  total  systems  response  could  be  mathematically  du¬ 
plicated.  How  this  can  be  approached  has  been  discussed  with  many 
experts  in  the  field  of  optical/spectral  calibration  and  a  prelim¬ 
inary  course  of  action  is  in  design. 

Another  logical  progression  will  be  to  assist  in  updating 
the  current  smoke  munitions  expenditure  procedures  as  required  to 
"smoke”  a  given  area  under  given  conditions  of  meteorology  and 
tactical  perspective. 

One  more  investigation  of  many  that  are  envisioned  would 
be  in  support  of  artillery  by  providing  a  means  to  measure  and,  as 
a  result,  correct  for  the  wind  effects  in  the  vicinity  of  the 
target.  A  quick  evaluation  of  the  "local”  wind  profile  could  be 
achieved  by  the  expenditure  of  a  single  HE  round. 
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6.  CONCLUSIONS 

Among  the  many  questions  presented  to  a  field  commander 
regarding  the  atmospheric  environment  of  the  battlefield  are 
these:  What  is  the  type  of  contaminant?  Who  does  it  belong  to? 
How  long  will  it  be  there?  What  area  will  it  affect  during  trans¬ 
port?  How  much  area  will  it  obscure?  Which  of  my  electro-optical 
systems  will  it  incapacitate?  ^fhich  of  the  enemy's? 

The  purpose  of  this  project  is  to  assist  in  answer lng_ 
these  questions  —  either  by  en^irical  input  to  current  efforts  in 
modeling  design  or  as  a  means  of  validation  of  these  designs.  An¬ 
other  possibility  might  be  the  design  of  a  compact  field  system 
that  could  provide  answers  directly  (passive  multiband  sensors,  a 
special  purpose  microprocessor  and  software,  and  a  small  graphics 
display). 
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■  I.  INTRODUCTION 

Some  years  ago,  a  number  of  people  (1-4)  Independently 
suggested  the  use  of  a  saturable  absorber  to  induce  optical  bistabili¬ 
ty  (hereafter  referred  to  as  OB).  The  phenomenon  was  demonstrated  and 
studied  recently  by  Gibbs,  McCall  and  Venkatesan  (5)  who  used  a  cw  dye 
laser  to  excite  atoms  of  sodium  vapor  in  a  cell  between  the  plates  of 
a  Fabry  Perot  interferometer.  Under  certain  experimental  and  material 
conditions ,  they  observed  a  nonlinear  dependency  of  the  transmitted 
field  as  a  function  of  the  dye-laser  input  which  exhibited  hysteresis, 
differential  gain,  and  bistable  behavior. 

Interest  in  OB  from  the  practical  applications  standpoint 
stems  from  obvious  device  applications  as  the  optical  analog  of  the 
transistor,  optical  clipper  or  limiter  and  digital  optical  memory  ele¬ 
ment.  The  recent  demonstration  of  the  phenomenon  (5)  has  generated 
considerable  Interest  from  the  fundamental  point  of  view  as  a  clear 
example  of  spontaneous  ordering  in  an  open,  stationary  system  of  mat-r 
ter  interacting  with  light.  This  has  led  to  a  surge  of  recent  theo¬ 
retical  activity. 

The  first  model  for  OB  was  proposed  by  McCall  (6) ,  who  in- ^ 
troduced  a  nonlinear  svisceptlbility  into  the  Maxwell— Bloch  represen¬ 
tation  in  the  full  propagation  treatment.  His  results  are  necessarily 
calculational  rather  than  analytical.  Bonifacio  and  Luglato  (7)  were 
the  first  to  obtain  the  main  features  of  OB  from  implementation  of  the 
Maxwell-Bloch  model,  which  they  solved  analytically  in  closed  form.  \ 

They  later  extended  their  model  (8)  to  a  quantum-statistical  represen¬ 
tation  of  a  stationary  system  far  removed  from  thermod3mamlc  equilib¬ 
rium,  but  with  the  same  essential  assumptions,  the  most  crucial  being 
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the  "mean  field"  approximation  which  amounts  to  requiring  that  the 
field  be  sufficiently  uniform  over  the  volume  of  active  atoms.  Others, 
such  as  Walls  et  al.  (9)  have  considered  similar  models  which  are,  on 
the  whole,  in  agreement  with  the  results  of  Bonifacio  and  Lugiato. 

All  of  these  models  have  one  essential  common  characteris¬ 
tic,  namely,  they  consider  OB  within  the  framework  of  Individual  or 
independent  atom  response  to  the  electromagnetic  field.  These  are 
therefore  necessarily  absorptive  models  which  describe  OB  as  a  tran¬ 
sition  from  a  state  of  coherent  response  of  individual  atoms  to  the 
externally-applied  driving  field  and  high  absorption  (low  transmls^ 
slon)  to  a  state  of  saturation  or  bleaching  of  the  material  (high 
transmission).  The  experimental  results  on  sodium  vapor  (5)  exhib¬ 
ited  a  large  dispersive  contribution,  and  these  models  do  not  appear 
to  describe  the  dispersive  aspects  even  qualitatively,  although  the 
absorptive  characteristics  appear  to  be  adequately  qualitatively  de¬ 
scribed. 

It  seemed  to  us  that  OB  should  stem,  at  least  under  certain 
conditions,  from  the  same  kind  of  fundamental  interaction  that  gives 
rise  to  the  dynamical  cooperative  process  known  as  superfluorescence 
(10 ,  11) .  This  prompted  uS  to  take  a  fresh  approach  to  the  interpre¬ 
tation  of  OB  in  terms  of  a  model  which  emphasizes  the  contribution 
from  interatomic  cooperative  processes  in  matter  interacting  with 
light.  Our  model  (12)  differs  from  other  previous  models  in  that  it 
Includes  the  possibility  for  atom-atom  Interaction  and  correlation 
via  the  mutual  internal  electromagnetic  field  (virtual  photon  ex¬ 
change)  as  well  as  the  individual  atom  coupling  to  the  electromagnet¬ 
ic  field. 

The  results  of  our  model  (12)  and  other  models  (7-9)  pre¬ 
dict  Identical  behavior  for  "absorptive"  OB  (perfect  cavity,  laser 
and  atomic  tuning).  However,  our  results  fit  the  dispersive  char¬ 
acteristics  reported  for  the  sodium  experiment  (5)  qualitatively 
quite  well.  In  addition,  we  predict  new  results  in  reversible  hys¬ 
teresis  and  bistability  in  the  variation  of  Inverse  effective  temper¬ 
ature  Ts  with  the  output  field  for  fixed  input  above  a  certain  thres¬ 
hold  value.  This  new  result  (13)  has  a  wide  range  of  potential 
applications,  including  a  sensitive  IR,  FIR  or  millimeter  wavelength 
detector  with  frequency  upconversioii. 

In  addition,  our  results  provide  an  Interpretation  of  OB  as 
a  true  first-order  phase  transition,  from  atomic  order  to  disorder 
due  to  virtual  photon  exchange  between  atoms,  far  from  thermodynamic 
equilibrium.  In  the  absence  of  an  applied  field,  our. results  show 
the  existence  of  a  second-order  phase  transition  (12,14)  below  a 
critical  temperature  determined  by  material  parameters  and  cavity 
detuning. 
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Another  unique  characteristic  of  our  results  is  that  the 
model  constitutes  the  optical  analog  of  the  Meisner  effect  (15)  in 
superconductivity.  Due  to  the  collective  atomic  behavior  (optical 
Meisner  effect) ,  our  results  predict  for  the  first  time  the  existence 
of  OB  in  a  small  volume  without  mirrors.  This  could  have  far-reach¬ 
ing  applications  in  the  use  of  arrays  of  micron  size  elements  for 
optical  digital  information  storage  and  retrieval  as  well  as  optical 
digital  image  formation. 

Finally,  it  should  be  pointed  out  that  this  work  is  a  di¬ 
rect  outgrowth  of  our  program  in  swept-gain  superradiance  (16-18). 
Furthermore,  MICOM  will  co-host,  with  ARO-D,  an  International  Con- 
ference  and  Workshop  on  Optical  Bistability,  in  Asheville,  North 
Carolina,  3-5  June  1980.  This  conference  is  expected  to  significant¬ 
ly  advance  the  field  and  to  provide  a  timely  record  of  the  state-of- 
the-art  in  this  rapidly-developing  and  potentially  extremely  useful 
field.  The  conference  and  its  impact  are  anticipated  to  be  similar 
and  of  much  the  same  significance  as  the  conference  hosted  by  MICOM 
on  Superradiance  (19). 


II.  THEORETICAL  MODEL  AND  INTERPRETATION  OF  PHENOMENON 

We  consider  a  collection  of  N  Identical  two-level  atoms 
with  energy  level  separation  e  interacting  with  the  electromagnet¬ 
ic  field  in  the  dipole  approximation.  The  electromagnetic  field 
which  Interacts  with  the  atoms  is  comprised  of  an  internal  field  and, 
in  addition,  an  applied  cw  field  assumed  to  be  in  a  coherent  state 
(20),  with  field  amplitude  qt  and  carrier  frequency  coo*  The  atoms 
of  the  material  are  considered  to  be  confined  to  a  volxmie  Vg  which  is 
much  smaller  than  the  resonance  wavelength  Xr  associated  with  the 
atomic  bare-state  separation.  This  assumption  does  not  critically 
affect  our  results  and  tends  to  allow  emphasis  upon  the  nature  of 
collective  atomic  aspects  in  the  results  in  an  unencumbered  fashion. 

The  Hamiltonian  H  which  represents  this  model  is  written 
in  the  form 

H  =  H  +  (II-l) 

o 


where,  in  units  such  that  Hi  -  c  «  1  , 


(II-2a) 
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\Aere  h  •  c  means  hermetian  conjugate,  and  we  have  used  the  rotating 
wave  approximation. 

The  first  and  second  terms  in  (ll-2a)  represent  the  free 
field  and  atomic  system,  respectively,  whereas  the  first  two  terms 
of  (II-2b)  describe  the  interaction  of  the  atoms  with  the  internal 
field  and  the  last  two  terms  describe  their  interaction  with  the  ex¬ 
ternally-applied  coherent  field.  The  factor  (x  is  the  complex  extern¬ 
ally-applied  field  amplitude.  The  field  photon  creation  and  annihil¬ 
ation  operators  conform  to  the  Bose  commutation  relations  (12),  and 
the  atomic  operators  are  the  usual  Pauli  operators,  and 

where  V  is  the  quantization  volume  and  ^  and  ^  are  the  polarization 
vector  and  the  matrix  element  for  the  transition  dipole  moment  for 
the  atoms  (21) . 

We  are  interested  in  determining  the  steady  state  properties 
of  the  system  described  by  (II-2a,  Il-2b).  In  order  to  retain  the 
essential  many-body  aspects  of  the  system,  it  is  convenient  to  treat 
the  system  in  an  ensemble  representation.  This  means  taking  ensemble 
averages  of  relevant  dynamical  operators  such  as  population  differ¬ 
ence  and  dipole  moment  operators.  To  facilitate  this,  we  perform  the 
following  operations:  (1)  Canonically  transform  to  a  perpendicularly 
doubly  rotating  frame,  rotating  at  the  laser  frequency  Ofe  ,  so  the 
Hamiltonian  (II-2)  becomes  explicitly  time- independent  (12).  The 
electromagnetic  field  then  appears  as  a  d.c.  field  in  the  transformed 
frame,  (ii)  Introduce  an  effective  temperature  Ts  in  the  transform¬ 
ed  representation  which  is  the  exact  analog  of  a  ”spin  temperature” 
(12,22).  This  is  equivalent  to  a  definite  statement  of  the  form  of 
the  density  operator  p  ,  in  the  transformed  representation. 

Although  the  system  is  an  open  system  far  removed  from 
thermodynamic  equilibrium,  we  can  analyze  the  macroscopic  properties 
of  the  system  in  the  transformed  representation  in  terms  of  the  free 
energy  F,  given  by  ^ 

e  ®  =  tr  e  ®  ,  (II-4) 


where  B 

s 


1/kT  and  k  is  Boltzmann* s  constant, 
s 
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Making  use  of  the  transformation  to  the  doubly  rotating 
frame  (2-4)  of  reference  (12)  and  adlabatlcally  eliminating  the  in¬ 
ternal  field  variables,  the  transformed  Hamiltonian  tfj  ,  through 
second  order  in  the  atom-field  Interaction,  was  shown  by  Bowden  and 
Sung  (12)  to  be 

Ht  “  ^oT 

where 

=  na'^a  +  Jsn^  £  Oj  ,  (II-6a) 

N  _  N  _ 

i/N  2  crT  ‘^7  ^  ® 

j,A=l  J  ^  j=l  ^ 

j  ¥  & 

fi  *  w  -  (Ojj  ,  =  e  -  to^  .  (II-7) 

For  simplicity,  we  have  considered  only  a  single  radiation  field  mode 
of  frequency  o)  Interacting  with  the  atomic  transition.  If  the  atomic 
medium  is  in  a  cavity,  then  (o  is  the  cavity  mode  frequency.  If  there 
is  no  cavity,  then  o)  **  e  .  The  first  term  in  (ll-6b)  is  interpreted 
as  atomic  Interaction  via  the  electromagnetic  field,  where  the  effec¬ 
tive  atom-atom  coupling,  g  ,  is  field-dependent  (12), 


.  (ii-6b) 

J=l  ^ 


Here, 


where 


In  the  above. 


(II-8) 


g. 


(4Tr)V 


■k  p 


(II-9) 


O  0) 

X  is  the  Stark  shifted, atomic  level  separation  (12), 


X  =  +  |a| 


(II-IO) 


where  \h\  is  the  Stark  shift  which  is  dependent  upon  the  value  for 
the  intenxal  field  Intensity.  Since  the  latter  is  to  be  determined 
in  the  result,  |a|  must  be  determined  self-consistently  later  on  in 
the  results  of  the  calculation.  It  is  crucial  to  retain  the  Stark 
shift  in  (II-IO)  (usually  neglected  in  second-order  calculations)  in 
order  to  obtain  the  first-order  phase  transition  which  leads  to  OB. 
The  damping  term  Y  appearing  in  (II-8)'  is  just  the  cavity  width 
(12)  or,  if  no  cavity  is  present,  it  is  just  the  photon  escape  rate 
from  the  atomic  volume.  In  (II-9) ,  d  is  the  matrix  element  of  the 
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transition  dipole  moment,  k  is  the  density  of  field  modes  in  the 
neighborhood  of  the  principal  mode  of  frequency  (O  ,  and  p  is  the 
total  number  of  atoms  N  in  a  cubic  wavelength  at  atomic  resonance 

The  equation  (II-6)  is  our  working  Hamiltonian.  The  atom- 
radiation  field  interaction  (II-2b)  has  now  been  recast  in  terms  of  an 
effective  interatomic  pair  interaction  via  the  internal  field  (II-6b). 
The  pair  correlation  is  depicted  by  the  first  term  in  (II-6b)  and  may 
lead  to  cooperative  atomic  effects  by  virtual  photon  exchange.  This 
term  is  identical  to  the  interaction  which  leads  to  cooperative  atom¬ 
ic  behavior  in  superfluorescence,  (10,23).  The  inclusion  of  the  Stark 
shift  correction  in  g  ,  (II-8) ,  (II- 10)  gives  negligible  contributions 
to  the  results  for  superfluorescence,  but  is  absolutely  essential  to 
arrive  at  OB  in  the  steady  state  for  this  model.  This  causes  the 
effective  interatomic  coupling  to  be  internal  field  intensity  depen¬ 
dent,  and  thus  leads  to  feedback  between  the  atoms  and  their  mutual 
radiation  field.  The  atomic  pair  correlation  term  in  the  interaction 
is  also  identical  to  that  for  Cooper  pairs  in  the  BCS  theory  of  super¬ 
conductivity  (12,15). 

We  proceed  now  to  calculate  the  free  energy  F  from  (II-4). 
To  perform  the  trace  on  the  right-hand  side  of  (II-4),  it  is  neces¬ 
sary  to  linearize  the  Hamiltonian  (II-6)  and  to  obtain  a  thermodynam¬ 
ically  equivalent  linearized  Hamiltonian  (25,26).  The  method  of  ref¬ 
erences  (25)  and  (26)  is  used  to  obtain 

=  N  g  -  NA*a  -  NAa“  ,  (ll-ll) 

where 

A  =  i  V*  -  a*  .  (11-12) 

Here,  v  Is  a  variational  parameter  used  In  the  linearization,  to  be 
determined  by  minimization  of  the  free  energy  F  ,  (25,26). 

In  the  above  expressions,  we  have  used  the  assumption  that 
all  the  atoms  are  identical  to  drop  the  subscripts,  j  ,  and  to  re¬ 
place  the  sums  by  N  and  the  double  sxnns  by  N(N-l). 

The  thermodynamically  equivalent  Hamiltonian  (II-ll) ,  l.e., 
the  linearized  Hamiltonian  which  yields  the  same  free  energy  F  in  the 
limit  of  large  N  as  the  original  Hamiltonian  (II-6b)  has  an  immediate 
physical  interpretation.  The  interaction  expressed  in  (ll-6b)  is 
thermodynamically  equivalent  to  a  single  atom,  mean  field  interaction 
expressed  in  (II-ll).  The  factor  A  ,  (11-12),  is  the  mean  field,  l.e., 
the  total  field  acting  on  a  single  atom  due  to  the  combined  atomic  re¬ 
action  fields  of  all  the  other  atoms  (first  term  in  (11-12)  and  the 
local  value  of  the  externally-applied  field  (second  term  in  (11-12)). 
The  expression  for  the  total  local  field  at  an  atomic  site, (11-12) , 
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is  Just  Maxwell’s  equation  (all  electromagnetic  fields  appear  as  d. c. 
fields  in  the  transformed  frame  rotating  at  the  laser  frequency  Wq) . 

The  free  energy  F  is  now  easily  evaluated  from  (II-4)  us¬ 
ing  (II- 11)  to  give, 

p  -3 

F  =  N  g  |v|^  -  log  C2  cosh  — log  (1-e  ®  )  .  (11-13) 

*^8  '^s 


The  variational  parameter  V  is  evaluated  from  the  normal  equation, 
(25,26), 

3F/3v  ■=  0  .  (11-14) 

If  we  let 

X  -  A*  ,  y  =  -  a  (11-15) 


equation  (11-14)  yields 


3F  * 


-  * 
2  g  X 


tanh 


*  0 


From  (11-16) , 


2  X 


tanh  -y  X 


(11-16) 


(II-I7) 


which  Is  easily  shown  to  be  the  ensemble  average  for  the  macroscopic 
atomic  polarization  (12).  It  Is  furthermore  easily  shown  that  the 
above  condition  obtained  from  (II-14)  corresponds  to  an  absolute 
minimum,  l.e., 

3^F/3v^  >  0  .  (11-18) 

It  is  to  be  noted  that  the  Stark  shift  A  is  now  determined  self- 
conslstently  from  (11-12)  and  (11-17). 

If  we  use  the  definitions  (11-15)  in  (11-12)  and  use 
(11-12)  to  eliminate  V  from  (11-17),  then  after  multiplying  both 
sides  of  (11-17)  by  g,  the  following  equation  of  state  for  the  appl¬ 
ied  field  y  as  a  function  of  the  internal  field  x  is  obtained, 

tanh%-X 

X  -  y  =  2  g  X  - -  .  (11-19) 

This  is  the  main  result  of  this  paper  and  leads  to  bistability,  re¬ 
versible  hysteresis  and  differential  gain  between  the  three  quanti¬ 
ties,  X,  y,  and  3  .  These  characteristics  will  be  discussed  in  the 
next  section. 
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III .  INTEBPRETATION  OF  KESDLTS 
A.  Optical  Bistability  as  a  First-order  Phase  Transition 

The  1na^Tl  result  of  our  model,  (11-19),  has  the  form  typical  of  a 
first-order  phase  transition.  For  absolute  zero  of  effective  tem¬ 
perature  and  for  perfect  laser  and  cavity  tuning,  i.e.,  for  Tg  0  , 
=  0  B  ,  (11-19)  reduces  to  exactly  the  form  for  the  equation 

of  state  obtained  earlier  from  the  siiigle-atom,  coupled  Maxwe  11- 
Bloch  models  (8), (9),  I.e., 

y  -  X  +  2c - - - 5-  ,  !  (III-l) 

(1  +  xr 


where 

c  =  g^/Y^  ,  (III-2) 

and  we  have  written  x  and  y  In  units  of  y  .  Here,  however,  the  phys¬ 
ics  is  quite  different  as  will  be  discussed  later. 

Equation  (11-19)  Is  shown  plotted  in  Figure  1,  Input  field 
amplitude  y  vs.  output  field  amplitude  x  for  various  values  of  equal 
cavity  and  laser  offtxming.  It  is  readily  established  that  the  mini¬ 
mal  condition  for  OB  to  occur  is  that  c  >  4,  (8,12). 


It  is  easily  shown  (27)  that  all  points  on  the  curves  in 
Figure  1  are  stable  steady-state  conditions  except  those  for  which 
dx/dy  <  0.  Thus,  the  points  on  the  curves  between  the  turning  points 
having  negative  slope  are  unstable.  Increasing  the  applied  field  y 
from  zero,  the  output  follows  a  nearly  linear  response  until  the 
first  turning  point  is  reached  along  the  curve  for  the  equation  of 
state.  In  this  regime,  the  material  responds  mainly  by  atom-atom 
coupling  via  virtual  photon  exchange,  i.e.,  g  ,  (II-8)  is  large  due 
to  the  relatively  small  Stark  shift  (II-IO) .  The  reaction  field  due 
to  the  collective  response  of  the  atoms  (first  term  on  the  right-hand 
side  of  (11-12))  opposes  the  applied  field  (second  term  on  the  right- 
hand  side  of  (11-12))  to  produce  a  small  output  field  (11-12,(11-15). 
This  phenomenon,  due  to  collective  response  to  an  external  field,  is 
somewhat  analogous  to  the  Meisner  effect  (28)  in  the  theory  of  super¬ 
conductivity.  In  this  regime  the  macroscopic  transverse  dipole  mom¬ 
ent,  V  ,  (11-17)  is  small,  again  due  to  the  relatively  small  Stark 
shift. 

Once  the  first  turning  point  is  reached  (point  A  of  curve 
a),  by  increasing  y,  there  are  no  steady  state  values  available  for 
the  system  if  y  is  further  increased,  tinless  the  system  jumps  to  a 
higher  value  of  the  output  (point  B  of  curve  a)^  This  jump 
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corresponds  to  a  sudden  decrease  In  g  ,  the  atonr-atoin  coupling,  and 
a  sudden  Increase  in  the  macroscopic  polarlzatlon,V  .  Further  In¬ 
crease  In  y  produces  a  nearly  linear,  empty  cavity  response  In  x. 
That  Is,  the  material  Is  nearly  transparent  to  the  Input  y,  l.e., 

X  »  y.  In  this  regime,  the  atom-atom  pair  correlation  Is  destroyed 
and  each  Individual  atom’s  dipole  moxoent  follows  the  driving  field 
y,  coherently  with  definite  phase.  This  could  be  called  the  regime 
of  "cw  self-induced  transparency". 


Fig.  1.  Effect  of  cavity  and 
laser  detuning  on  optical  bi¬ 
stability.  Input  field  y  vs. 
Internal  field  x  from  (11-19). 
Curve  a;  c  ■  40,  0; 

curve  b:  c  “  40,  6“V“  2; 
curve  c:  c  “  40,  6“V“  4. 

6  =  (u-a)o)/Y»  V- 

T  -  0. 
s 


Fig.  2.  Asymmetric  effect  of 
cavity  detuning  on  optical  bi¬ 
stability.  Input  field  y  vs.  In¬ 
ternal  field  X  from  (11-19). 
Curve  a:  c  “  60,  6  =  V“  10;  curve 
b:  same  parameters  as  for  curve 
a,  except  6“  -9;  curve  c:  same 
parameters  as  for  curve  a,  ex¬ 
cept  fi  =  9;  curve  d:  same  param¬ 
eters  as  for  curve  a,  except 

6  =  8;  Tg  -  0. 


The  asymmetric  effects  of  cavity  offtunlng  for  fixed  laser 
frequency  Is  shoxm  In  Figure  2.  These  results  erfilblt  large  dis¬ 
persive  contributions  for  cavity  offtunlng  and  are  In  good  qualita¬ 
tive  agreement  with  the  experimental  results  for  sodium  vapor  (5). 
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The  effective  temperature  dependence  of  the  hysteresis  cy¬ 
cle  and  OB  threshold  is  shown  in  Figure  3  for  input  y  vs.  output  x 
from  (11-19)  in  units  of  Y  .  For  convenience,  we  have  taken  perfect 
tuning,  so  (11-19)  becomes,  in  units  of  Y  , 


where 


y  =  X  +  2c  — 2^-5-  tanh  h  Tx  ,  (III-3) 

(l+x) 

r  =  Y$s  =  Y/kTg  .  (III-4) 


B.  Effective  Temperature-induced  Bistability  and  Hysteresis  and  the 
Optical  Melsner  Effect 


It  is  interesting  to  consider  the  Inversion  of  (III-3)  to  obtain 
in  terms  of  the  input  y  and  output  x,  (29) , 


= ito  I 


2cx  +  (y-x)  (x  +1) 
2cx  -  (y-x)(x^+l) 


■ 


(III-5) 


Equation  (III-5)  is  plotted  in  Figure  4  for  the  Inverse  temperature, 
r  vs,  output  field  x  for  fixed  y  in  units  of  y  •  Each  curve  corres¬ 
ponds  to  a  different  value  for  the  fixed  input  y  yc.  It  is  seen 
that  bistability  and  hysteresis  occur  in  the  output  field  x  by  vary¬ 
ing  the  inverse  temperature  T  when  the  input  y  is  fixed  at  a  value 
above  a  certain  threshold. 


Consider  the  curve  in  Figure  4  showing  the  largest  hyster¬ 
esis  area,  corresponding  to  the  appropriate  fixed  input  field  y  -  yc* 
As  the  effective  temperature  Ts  is  increased  (  T  decreased)  from  some 
small  value  to  larger  values,  the  output  x  Increases  slightly  as  the 
reaction  field  gv  in  (11-12),  due  to  the  collective  atomic  pair  in¬ 
teraction  which  opposes  the  applied  field  a  ,  is  diminished  as  the 
temperature  Ts  is  increased,  (11-17).  This  is  due  to  simultaneous 
reduction  of  the  macroscopic  dipole  moment  (11-17)  because  of  the  in¬ 
crease  in  effective  temperature  Ts  ,  and  to  the  decrease  in  g  (II— 8) 
as  a  consequence  of  the  increase  in  the  field- Induced  Stark  shift, 
(II-IO),  (11-15), 

As  r  is  decreased  to  the  value  corresponding  to  point  A 
in  Figure  4,  any  further  decrease  in  V  will  necessarily  correspond  to 
a  stationary  state  on  the  upper  part  of  the  curve,  point  B.  The  sys¬ 
tem  undergoes  an  abrupt  Increase  in  the  output  x  as  a  consequence  of 
the  catastrophic  breakdown  of  the  atomic  pair  correlation  and,  hence, 
the  reaction  field  gv  (11-12).  In  other  words,  along  the  path  AB, 
Figure  4,  the  macroscopic  transverse  polarization  V  (11-17)  increases 
abruptly  due  to  the  increased  Stark  shift  caused  by  the  transition  to 
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larger  total  local  field.  In  the  same  process,  however,  the  atomic 
pair  correlation  g  undergoes  a  catastrophic  reduction  in  the  trans¬ 
ition  from  A  to  B.  As  F  is  further  decreased,  the  macroscopic  pol¬ 
arization  diminishes  due  to  the  increase  in  Tg  and  the  system 
approaches  the  state  of  atomic  saturation  (bleaching)  at  high  abso¬ 
lute  temperature.  The  reverse  process  takes  place  as  F  is  in¬ 
creased  (Tg  decreased). 


Fig.  3.  Normalized  externally- 
applied  field  y  vs.  normalized 
internal  field  x  according  to 
Eq.  (III-3)  with  c  *  60.  Each 
curve  corresponds  to  a  diffe¬ 
rent  value  for  F,  and  in  order 
of  decreasing  values  for  the 
threshold  value  for  y,  F=  1.00, 
0.65,  0.35,  0.25.  The  threshold 
value  of  F  for  bistability  in 
this  case  is  F  =  0.35.  The  dot¬ 
ted  lines  and  arrows  indicate 
a  particular  hysteresis  cycle. 


Fig.  4.  Fvs.  x/yc  according  to 
Eq.  (III-5)  for  c  *  60  and  var¬ 
ious  values  for  the  fixed  exter¬ 
nally-applied  field  yc*  In  order 
of  decreasing  values  for  the 
threshold  for  F,  y^  *  21.8,  21.7, 
21.6,  21.3,  21.0,  20.0.  The  thres¬ 
hold  value  of  yc  for  bistability 
is  yc  =  21.0  which  is  seen  to  be 
consistent  with  the  threshold 
value  of  F  for  bistability  in 
Fig.  3.  The  dotted  lines  and 
arrows  indicate  a  particular 
hysteresis  cycle. 
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The  reduction  of  the  internal  field  x  due  to  atomic  pair 
correlation  (11-12),  and  the  abrupt  reduction  of  the  reaction  field 
at  a  critical  temperature,  Tg,  with  consequent  Increase  in  the  total 
internal  field  x,  for  fixed  input  shown  in  Figure  4  is  quite  anal¬ 
ogous  to  the  Meisner  effect  in  the  theory  of  superconductivity  (15, 28), 
We  are  tempted  to  label  this  effect,  the  ’’optical  Meisner  effect”. 

C.  Second-order  Phase  Transition  in  the  Absence  of  Applied  Field 

In  the  absence  of  applied  field,  l.e.,  for  y  =  0,  (11-19)  pre¬ 
dicts  the  existence  of  a  second-order  phase  transition,  provided  that 
the  following  gap  equation  is  satisfied  (12) , 

tmh 

where  T^*  is  here  the  actual  temperature  of  the  heat.  bath. 

If  this  equation  can  be  satisfied,  it  defines  a  critical 
temperature  Tq  below  ^diich  the  system  exhibits  a  macroscopic  polari¬ 
zation  (ordered  phase)  and  above  which  there  is  no  macroscopic  pol¬ 
arization  (disordered  phase) .  It  is  readily  seen  that  (III-6)  can¬ 
not  be  satisfied  without  off tuning  provided  by  cavity  mirrors. 
Furthermore,  it  is  readily  determined  that  for  conditions  where  OB  is 
observed  in  the  optical  regime,  l.e.,  c  >  4,  (III-2) ,  (III-6)  will 
never  be  satisfied  (12).  However,  it  can  be  satisfied  for  microwave 
frequencies.  This  explains  why  this  effect  has  not  yet  been  observed 
in  OB  experiments. 


IV.  SUMMARY  AND  CONCLUSIONS 

The  effort  at  MICOM  in  quantum  optics  has  produced  results 
\jhich  for  the  first  time  predict  OB  which  is  caused  by  cooperative 
atom-atom  interaction  via  their  mutual  radiation  fields  (12) .  The 
mechanism  for  the  atomic  pair  correlation  can  be  interpreted  as  due 
to  virtual  photon  exchange  Interaction  in  analogy  with  the  inter¬ 
action  between  Cooper  pairs  via  the  phonon  field  in  the  BCS  theory  of 
superconductivity  (30).  The  measure  of  the  strength  of  the  atomic 
pair  correlation  is  g  (II-8) .  The  main  result  of  our  theoretical 
model  is  the  equation  of  state  (II-19)  relating  the  input  field  y  to 
the  output  field  x  as  a  function  of  the  inverse  of  the  effective  tem¬ 
perature  3s  • 

The  same  mechanism  is  well  known  to  be  responsible  for  the 
cooperative  atomic  Interaction  which  results  in  the  dynamical  process 
of  super fluorescence  (23,31).  Our  model  also  connects  for  the  first 
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tints  OB)  supsrfluorsscsncs  of  ths  supsirradiant  phass  transition  in 
thsrinodynaiiiic  squilibrium  in  ths  abssncs  of  applisd  fisld  (32). 

A  completely  new  and  heretofore  unpredicted  phenomenon 
(29)  is  shown  in  Figure  4.  Here,  we  have  depicted  the  variation  of 
the  output  field  amplitude  x  as  a  function  of  the  inverse  tempera¬ 
ture  r  for  various  input  fields  from  (III— 5) .  These  curves  show 
bistability  and  reversible  hysteresis  in  the  output  field  x  with 
variation  of  the  Inverse  temperature  T  for  fixed  input  field,  yg  for 
the  latter  greater  than  a  well-defined  threshold  value.  These  re¬ 
sults  could  have  Important  applications  as  a  sensitive  FIR,  IR  or 
millimeter  wavelength  detector  with  frequency  upconversion.  That  is, 
an  FIR  or  IR  active  material  could  be  introduced  as  a  buffer  with 
the  optically  nonlinear  material  in  a  cavity.  The  FIR  or  IR  energy 
absorbed  by  the  buffer  can  be  kinetically  transferred  to  the  optical¬ 
ly  nonlinear  material  via  rotational-vibrational,  translational  ener¬ 
gy  transfer  to  alter  F  .  Switching  times  in  the  hysteresis  cycle 
could  be  on  the  order  of  the  thermal  fluctuation  times  for  the  system. 

We  also  predict  for  the  first  time  OB  in  a  small  volume 
without  mirrors.  For  the  case  without  mirrors,  the  mode  frequency 
(0  =  e  and  Y  =  c/2L  where  L  is  the  length  of  a  cylindrical  volume  of 
the  active  material.  The  conditions  for  a  cavity  are  that  the  mode 
frequency  o)  is  the  cavity  frequency  and  need  not  equal  the  atomic 
frequency  £  ,  and  the  photon  escape  rate  Y  ®  c/2Lt  where  T  is  the 
transmission  coefficient  for  the  cavity  mirrors.  Optical  bistability 
in  a  small  volume  without  mirrors  could  have  Important  applications 
for  micron  size  OB  elements  Imbedded  in  a  neutral  binder  to  consti¬ 
tute  a  two-dimensional  optical  digital  memory  bank  or  optical  digital 
imaging  surface.  This  certainly  would  alleviate  the  problem  of  hav¬ 
ing  to  produce  highly  uniform  reflective  surfaces  on  miniaturized  OB 
elements.  It  may  be  also  possible  to  constitute  a  three-dimensional 
optical  digital  memory  bank  of  relatively  compact  dimensions. 

Further  work  is  in  progress  (27,33)  to  calculate  the  rele¬ 
vant  switching  rates  in  terms  of  material  parameters  and  to  determine 
the  effects  of  atomic  line  shape  on  cooperative  OB.  We  are  also  in¬ 
vestigating  the  effects  of  multimode  coupling  to  the  Stark  shifted 
atomic  line. shape.  It  is  anticipated  that  this  may  lead  to  the  es¬ 
tablishment  of  regenerative  oscillations  which  may  have  applications 
as  passive  high  intensity  laser  cw  to  pulse  conversion.  We  feel  that 
our  further  work  will  undoubtedly  lead  to  even  further  progress  and 
new  ideas. 
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CALCULATION  OF  GROUND  SHOCK  MOTION  PRODUCED  BY 
NEAR  SURFACE  AIRBURST  EXPLOSIONS  USING 
CAGNIARD  ELASTIC  PROPAGATION  THEORY 
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Vicksburg,  Mississippi  39180 


1.  INTRODUCTION 

This  paper  describes  a  study  which  used  elastic  wave  propaga¬ 
tion  theory  to  predict  and  analyze  ground  motions  produced  by  near  sur¬ 
face  airburst  explosions;  the  air-earth  environment  was  modeled  as 
three  homogeneous  elastic  layers  -  air,  soil  and  rock  -  separated  by 
plane  parallel  boundaries  as  illustrated  in  Figure  1.  The  explosive 
source  is  located  on  the  axis  of  symmetry.  The  air  is  treated  as  an 
elastic  fluid,  while  the  soil  and  rock  are  treated  as  elastic  solids. 
Elastic  material  parameters  that  characterize  the  wave  propagation  are 
the  compressional  wave  (P  wave)  speeds  Cpj^  ,  the  shear  wave  (S  wave) 
speeds  Cgi  ,  and  the  densities  Pi  where  i  =  1,  2,  and  3  for  the 
air,  soil,  and  rock,  respectively. 

The  exact  closed  form  integral  solutions  of  Cagnlard  (1)  for 
the  reflection  and  refraction  of  spherical  waves  in  elastic  solids 
were  adapted  and  extended  to  model  the  ground  shock  propagation  in  a 
layered  earth.  In  this  formulation  the  particle  motion  is  obtained  as 
a  sum  of  components  propagated  along  rays  or  paths  (such  as  shown  in 
Figure  1)  associated  with  distinct  P  and  S  wave  arrivals.  Calcu¬ 
lations  using  the  Cagniard  procedure  were  used  previously  successfully 
by  the  author  to  predict  the  reflection  of  underwater  explosion  shock 
waves  from  the  ocean  bottom.  (See  References  (2)-(5).)  The  theoreti¬ 
cal  analysis  and  computer  code  development  for  the  ground  shock  calcu¬ 
lations  were  extensions  of  the  bottom  reflection  study.  The  details 
of  the  theoretical  model  and  the  computer  code  used  in  the  elastic 
ground  motion  calculation  are  not  presented  but  will  be  given  ^ 
f ot^thcoming  report  (6).  In  addition^  References  (2)“(5)  and  (7)  (9) 
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Figure  1.  Model  for  airburst  explosions  over  layered  earth  media. 


provide  background  information  and  some  other  recent  applications  of 
the  Cagniard  elastic  propagation  theory. 

2.  MODELING  THE  AIRBLAST 

The  airblast  pressure  produced  by  an  explosion  attenuates 
with  radial  distance  R  from  the  source  more  like  l/R^  for  pressure 
levels  10  to  100  psi  than  the  spherical  elastic  1/R  decay  rate.  The 
blast  propagation  rate  decreases  with  range  instead  of  the  constant 
speed  Cpi  .  In  addition,  the  pressure- time  waveform  changes  in  shape 
with  range.  Thus,  the  airblast  cannot  be  directly  modeled  elastically 
but  must  be  approximated  by  either  (a)  linearizing  around  a  particular 
range  related  to  the  time  of  dominant  motion  or  (b)  by  simulating  the 
pressure  amplitude  and  arrival  time  by  a  distribution  of  sources.  The 
simpler  linearization  approach  was  used  in  this  study.  Several  proce¬ 
dures  were  investigated,  but  linearization  around  the  directly  trans¬ 
mitted  shear  wave  (path  A  of  Figure  1)  produced  the  best  agreement 
with  measured  waveforms  for  materials  ranging  from  weak  soils  to  hard 
rocks. 
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The  airblast  was  approximated  as  follows*  The  directly 
transmitted  shear  wave  path  A  of  Figure  1  was  determined  by  iterating 
for  the  range  tg  at  which  the  ray  enters  the  soil.  An  empirical 
formula  was  used  to  calculate  the  airblast  arrival  time  t^  for  an 
initial  value  of  rg  .  An  average  P  wave  speed  Cpi  was  computed 
from 


Then  C  was  substituted  into  the  equation  for  Snell's  Law  of  acous' 
tics  to^obtain  a  new  estimate  for  rg  .  This  process  continued  until 
the  initial  and  final  values  of  tg  were  within  an  acceptable  toler¬ 
ance.  The  point  source  amplitude  and  pulse  shape  were  then  chosen 
using  empirical  formulae  so  that  the  airblast  pressure  was  matched  at 

the  point  (r  ,  0) . 

s 


3.  COMPARISON  OF  CALCULATED  AND  MEASURED 
PARTICLE  VELOCITY  WAVEFORMS 

Calculations  were  performed  for  the  three  CENSE  (Coupling 
Efficiency  of  Near  Surface  Explosions)  explosive  field  test  series. 
7See  References  (10)  and  (11).)  These  tests  Were  chosen  because  they 
provide  a  variety  of  site  characteristics  which  were  relatively  well 
controlled.  The  test  beds  were  either  effectively  homogeneous  or  had 
layering  suitable  for  the  two-layer  model.  In  addition,  each  of  the 
series  had  near  surface  airburst  explosions  for  which  particle  veloc¬ 
ity  or  acceleration  was  measured  the  upper  layer  for  a  variety  of 
ranges  from  the  explosions. 


CENSE  1  consisted  of  a  series  of  1000-lb  spheres  of  nitro- 
methane  detonated  over  a  massive  Kayenta  sandstone  formation.  These 
events  provide  data  for  checking  the  calculations  for  motion  in  a 
strong,  homogeneous  material  which  behaves  elastically  for  stress 
levels  of  hundreds  of  psi.  The  surface  rock  was  thick  enough  that 
three  layers  were  not  needed  for  the  computations.  Figure  2  compares 
the  theoretical  and  measured  vertical  and  radial  velocity  components. 
Vertical  velocity  is  positive  for  upward  motion  and  radial  velocity  is 
positive  for  outward  motion.  Note  that  the  experimental  and  theoreti¬ 
cal  curves  are  plotted  on  different  scales  arid  that  the  calculation 
represents  only  part  of  the  measured  curve.  The  material  properties 
used  for  this  calculation  were  =  0.0012  gm/cm^  ,  Cp2  =  9  ft/msec  , 
Cg2  =  4  ft/msec  ,  and  P2  =2.4  gm/cm^  .  Event  1,  shown  in  the  figure, 
was  detonated  with  its  charge  center  6  ft  above  the  rock.  Measurements 
were  made  with  velocity  gages  (having  a  nominal  600-Hz  frequency  re¬ 
sponse)  placed  2  ft  below  the  rock  surface.  The  airblast  peak 
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Figure  2.  Comparison  of  particle  velocity  calculations  with  CENSE 

measurements  at  48-ft  range. 
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pressure  above  the  gages  was  measured  at  51  psi  at  the  48-ft  range. 
Other  calculations  not  shoxm  here  demonstrated  equally  good  agreement 
at  pressure  levels  from  10  to  120  psi. 

The  data  of  CENSE  2  provided  information  to  check  the  elas¬ 
tic  calculations  for  a  two-layered  clayey-silt  soil  site.  The  explo¬ 
sives  used  were  300-lb  spherical  TNT  charges.  In  the  calculations 
shown  in  Figures  3  and  4,  the  soil  was  modeled  in  two  layers J  a  sur¬ 
face  layer  20  ft  thick  with  Cp2  =1.1  ft/msec  ,  Cg2  =0.6  ft/msec  , 
and  P2  =  1.7  gm/cm^  ,  and  a  lower  half-space  with  Cp3  =1.6  ft/msec, 
Cs3  =0.7  ft /msec  ,  and  p  =  1.75  gm/cm^  .  The  measurements  were  made 
with  velocity  gages  located  1.5  ft  below  the  surface.  Event  2  was 
detonated  with  charge  center  7.2  ft  above  the  soil  surface.  Excellent 
agreement  was  obtained  in  Figure  3  at  the  67-ft  (13-psi)  range.  There 
was  also  similarly  good  agreement  at  the  57-ft  (16-psi)  range.  Fig¬ 
ure  4  at  the  43-ft  (34-psi)  range  shows  slightly  poorer  agreement  but 
still  within  typical  scatter  of  field  measurements.  At  a  range  of 
32  ft  (60  psi)  the  linear  calculations  begin  to  fail  to  reproduce  the 
major  characteristics  of  the  measured  motion.  The  linear  theory  does 
not  predict  the  large  Initial  downward  and  outward  displacements  seen 
in  the  experiments.  These  differences  are  probably  a  result  of  the 
nonlinear  material  properties  of  the  soil  becoming  important  and  a  re¬ 
sult  of  the  close-in  source  conditions  not  being  adequately  modeled 
by  the  localized  airblast  input  used  in  the  calculations. 


CENSE  3  provided  measurements  for  comparison  with  theory 
for  a  weak  soil  layer  over  a  hard  rock  site.  This  series  consisted 
of  seven  explosions  of  200  lb  (226  lb  TNT  equivalent)  of  nitromethane. 
The  test  bed  consisted  of  compacted  backfill  of  "alluvium*'  soil  placed 
over  a  Kayenta  sandstone  deposit  similar  to  that  of  CENSE  1.  The 
thickness  of  the  soil  was  varied  from  0  to  6  ft.  Measurements  of  ver¬ 
tical  and  radial  acceleration  were  made  at  middepth  in  the  soil  layers 
and  in  the  rock.  Velocity  histories  were  obtained  by  integrating  the 
acceleration  records.  Events  2  and  4  were  surface  tangent  bursts, 
that  is,  the  explosive  charge  was  resting  on  the  soil  surface.  The 
soil  layer  thickness  in  Figure  5  was. 6  ft.  In  Figure  6  the  thickness 
was  3  ft.  The  material  properties  used  in  the  calculations  were 
Cp2  =0.9  ft/msec  ,  Cs2  =  0-3  ft/msec  ,  and  P2  =  1*6  gm/cm^  for  the 
soil  and  Cp3  =  8  ft/msec  ,  ^s3  ■  3  ft/msec  ,  and  P3  =  2.4  gm/cm^ 
for  the  sandstone. 


At  the  56-ft  (12-psi)  range  of  Figure  5  the  calculations  are 
in  good  agreement  with  t)xe  experimental  curves  up  to  a  time  of  about 
45  msec  if  the  high  frequency  spikes  are  neglected.  These  spikes  re¬ 
sult  from  using  an  airblast  pulse  with  zero  rise  time.  High  frequency 
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Figure  5.  Comparison  of  particle  velocity  calculations  with  CENSE 

measurements  at  56-ft  range. 
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motion  of  this  type  is  filtered  out  of  the  measurements  because  of  the 
nonlinear  effects  of  the  soil  and  finite  frequency  response  of  the 
gages  and  recording  system.  At  the  32-ft  (52-psi)  range  of  Figure  6, 
agreement  is  poorer  but  the  initial  velocity  amplitudes  are  still 
close  to  the  measured  values.  At  a  range  of  24  ft  (110  psi)  the  calcu¬ 
lated  initial  peaks  are  nearly  a  factor  or  two  higher  than  the  experi¬ 
mental. 


Figure  7  is  presented  for  comparison  with  Figure  6  to  illus¬ 
trate  the  effect  of  Increasing  the  soil  layer  thickness  at  the  CENSE  3 
site.  The  initial  portions  of  the  records  are  produced  by  the  directly 
transmitted  P  and  S  waves  and  are  not  dependent  on  the  soil  thick¬ 
ness.  The  later  motion  is  a  complicated  interaction  of  reflected 
waves  for  moderate  layer  thickness.  In  going  from  a  layer  thickness 
of  3  ft  as  in  Figure  5  to  the  6-ft  layer  in  Figure  6,  the  change  in 
frequency  of  the  motion* is  roughly  proportional  to  the  layer  thickness 
change,  but  the  waveforms  at  12-ft  thickness  do  not  follow  this 
pattern. 


From  the  few  waveforms  presented  here,  one  cannot  draw  gen¬ 
eral  conclusions  on  factors  affecting  the  period  and  amplitude  of  the 
low  frequency  motion.  A  detailed  parameter  study  and  analysis  will  be 
necessary  to  determine  how  the  motion  changes  in  going  from  very  thin 
to  very  thick  layers.  It  appears  that  simple  rules  of  thumb  based  on 
S  or  P  wave  layer  transit  times  will  be  valid  in  only  very  re¬ 
stricted  ranges  of  thickness  .and  elastic  parameters. 

4.  CONCLUSIONS 

Prediction  of  velocity  waveforms  using  the  Cagniard  formula¬ 
tion  of  the  elastic  theory  and  the' localized  airblast  source  model  can 
be  expected  to  be  accurate  within  the  scatter  of  explosive  tests  mea¬ 
surements  for  times  up  to  about  one  cycle  of  the  low  frequency  motion 
and  for  airblast  overpressure  levels  at  the  gage  range  up  to  about  40 
psi  for  explosions  over  weak  soils  and  over  100  psi  for  strong  rocks. 
At  pressure  levels  in  the  range  of  40  to  100  psi  for  explosions  over 
soil,  the  elastic  theory  still  predicts  the  general  character  of  the 
motion  but  overestimates  the  peak  velocities  and  underestimates  the 
large  initial  downward  and  outward,  displacements.  ^ 

Introduction  of  a  finite  rise  time  in  the  airblast!  source 
pulse  is  desirable  to  eliminate  high  frequency  spikes  in  thej  calcula¬ 
tions.  The  simple  localized  airblast  source  model  linearized  around 
the  directly  transmitted  shear  wave  may  be  a  major  contribution  to 
failure  of  the  calculations  at  higher  pressures  and  at  late  time  on 
waveforms. 
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The  linear  wave  propagation  model  can  produce  motion  wave¬ 
forms  for  homogeneous  sites  such  as  the  CENSE  1  sandstone  at  very 
small  computer  cost,  but  because  of  the  rapidly  increasing  effort  re¬ 
quired  to  calculate  the  late  time  portion  of  waveform  for  layered 
media,  routine  calculations  to  times  greater  than  about  three  shear 
wave  transit  times  of  the  layer  appear  to  be  more  expensive  than 
linear  finite  difference  methods  or  normal  modes  techniques.  Calcula¬ 
tions  with  the  Cagniard  theory  for  more  than  two  soil  layers  appear  to 
be  quite  expensive  except  for  early  time  motion  or  special  cases  where 
reflections  in  one  layer  can  be  neglected.  The  primary  applications 
for  computing  motion  waveforms  in  layered  media  appear  to  be  early 
time  motions  up  to  about  two  shear  transit  times  at  a  relatively  low 
computing  cost  and  minimal  effort  to  change  code  input  parameters. 

Since  the  theory  follows  rays,  the  composite  waveforms  can  be  dis¬ 
sected  to  study  the  contributions  of  individual  arrivals.  This  prop¬ 
erty  of  the  method  makes  it  ideal  for  studying  the  basic  characteris¬ 
tics  and  effects  of  the  controlling  parameters  of  wave  propagations  in 
layered  media. 
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INTRODUCTION 

To  develop  effective  electro-optical  weapon  systems,  it  is 
necessary  to  have  a  clear  understanding  of  the  importance  of  and 
correlations  between  various  atmospheric  parameters  in  the  wavelength 
regions  of  interest.  A  careful  measurement  program  is  essential  to 
the  development  of  this  understanding  and  it  provides  the  basis  for 
accurate  simulation  of  electro-optical  system  performance. 

Measurement  systems  should  be  chosen  to  give  as  direct 
results  as  possible.  This  choice  minimizes  assumptions  which  effect 
the  validity  of  the  results.  It  also  reduces  the  data  analysis 
needed  for  the  interpretation  of  results,  thereby  making  results 
available  in  real  time. 

This  paper  reports  the  results  of  environmental  chamber 
measurements  of  extinction  coefficients  at  CO2  laser  wavelengths  and 
of  liquid  water  content  (LWC)  of  a  variety  of  droplet  size  distribu¬ 
tions.  The  liquid  water  content  measurements  were  made  with  two 
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recently  developed  systems  which  are  described  in  detail  in  Bruce  et 
al.  [1]  The  results  are  in  general  agreement  with  calculated  results 
of  Pinnick  et  al.  [2]  based  on  measured  fog  droplet  size  distribu¬ 
tions  and  give  further  verification  to  Chylek^s  [3]  prediction  of  a 
unique  linear  relation  between  extinction  at  approximately  Hum  and 
liquid  water  content  of  fogs  for  all  size  distributions  with  maximum 
particle  radii  less  than  or  approximately  equal  to  14um. 

EXPERIMENTAL  APPROACH 

The  measurements  of  this  paper  were  made  in  an  environmen¬ 
tal  chamber  having  a  volume  of  approximately  1  cubic  meter.  Nhter 
droplets  were  generated  within  the  chamber,  and  minimum  stirring  was 
used  to  ensure  uniform  spatial  distribution  of  the  particles. 

Figure  1  is  a  diagram  of  the  optical  system  used  in  the 
measurements.  The  (half  power)  diameter  of  the  laser  beam  is 
approximately  1  cm  in  the  measurement  region.  Early  measurements 
made  with  a  larger  diameter  (x  3)  beam  did  not  significantly  improve 
the  steadiness  of  the  output  signal.  The  laser  path  through  the 
chamber  is  in  the  vertical  direction.  Warm  dry  air  in  the  form  of  a 
thin  sheet  is  blown  across  the  (exterior)  mirrors  at  the  top  and 


Figure  1.  Optical  system.  M-represent  mirrors,  B-represents  beaim 
splitter.  One  mirror  is  rotatable  to  permit  laser  line  ; 
Identification.  The  CO2  laser  Incorporates  automatic  lihe 
scanning  and  stabilization.  An  optical  beam  chopper  is 
retained  so  that  an  aerosol  spectrophone  (measures 
absorption  coefficient)  and  alternate  detectors  for  other 
lasers  may  be  used.  An  adjustable  aperture  for  the  CO2 
laser  beam,  window  flush  for  the  in-  and  out-put  mirrors, 
liquid  water  content  measurement  systems  and  particle 
counter  are  omitted  in  this  diagram.  x 
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bottom  of  the  chamber  to  prevent  accumulation  of  water  droplets  on 
their  surfaces.  A  sample  of  the  input  beam  is  monitored  by  a  refer¬ 
ence  power  meter.  Both  calculations  and  parametric  measurements  have 
been  used  to  determine  the  attenuation  necessary  to  prevent  signifi¬ 
cant  heating  and  evaporation  of  the  water  droplets.  A  mirror  is 
rotated  into  the  beam  path  to  direct  the  beam  to  a  spectrum  analyzer 
during  tuning  of  the  laser. 

Sampling  throats  for  the  liquid  water  content  measuring 
systems  are  located  approximately  in  the  lower  center  of  the 
chamber.  Sampling  is  at  a  rate  of  10  to  15  liters  per  min.  The 
sampling  throat  of  a  commercial  light  scattering  counter  extends 
through  one  side  of  the  chamber  to  a  point  close  to  the  extinction 
path  and  the  liquid  water  content  sampling  throats.  This  Instrument 
is  used  to  monitor  the  droplet  size  distributions  and,  through  these, 
the  contributions  of  different  size  particles  to  the  extinction  coef¬ 
ficient  (differential  extinction  coefficient). 

PRELIMINARY  EXPERIMENTS 

Although  the  measurement  systems  used  in  this  study  are 
relatively  direct,  several  extensive  preliminary  investigations  were 
conducted  to  ensure  the  existence  of  appropriate  experimental  operat¬ 
ing  conditions. 

The  first  of  these  involved  the  commercial  instrument  used 
to  monitor  the  particle  size  distributions — ^Particle  Measuring  Sys¬ 
tems  (PMS)  classical  scattering  aerosol  spectrometer.  This  instru¬ 
ment  is  sensitive  to  water  droplets  with  radii  from  0.23um  to  16un. 

This  instrument  counts  particles  of  different  sizes  by 
doing  pulse  height  analysis  of  laser  light  (0.63um)  scattered  by 
single  particles  into  a  particular  solid  angle.  Determination  of 
particle  size  is  indirect  because  the  scattering  depends  on  particle 
refractive  index  and  on  the  geometry  of  the  optical  system. 

The  instrument  used  in  this  study  was  checked  to  be  sure 
that  particles  were  counted  in  the  correct  size  range  channels.  This 
was  done  by  using  single-size  nearly  transparent  beads  for  channels 
counting  particles  with  radii  up  to  about  4 vim  and  with  calibrated 
bead  mixtures  for  channels  counting  particles  with  radii  between  4um 
and  16vnn.  No  measurement  was  made  of  particle  counting  efficiency. 
The  results  from  the  studies  with  mixed  bead  sizes  indicate  that 
counting  efficiency  was  relatively  constant  for  all  channels  since 
the  curves  obtained  with  calibrated  bead  mixtures  had  approximately 
the  correct  shapes  for  the  size  mixtures  used. 
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Care  must  be  exercised  to  limit  the  density  of  aerosol 
sampled  by  the  counter  since  counting  is  based  on  the  assumption  of 
single  scattering  by  individual  particles  and  distortion  of  resxilts 
may  occur  at  high  count  rates.  A  variety  of  dilution  techniques  were 
tried  in  which  droplet-free  air  was  mixed  with  the  droplet  sample 
stream  from  the  chamber  in  the  inlet  throat  of  the  MS  counter.  Care 
was  taken  to  minimize  disturbance  of  the  flow  character.  The  results 
obtained  indicate  that  use  of  these  techniques  extended  the  nimber 
density  range  of  the  instrument  by  a  factor  of  about  3,  but  that 
further  dilution  of  these  water  droplet  distributions  caused  definite 
distortion  of  the  differential  extinction  curves.  The  differential 
extinction  curves  were  used  only  in  a  relative  sense,  i.e. ,  the  shape 
of  the  curve  and  the  particle  radius,  r  ,  at  which  peak  extinction 
occurred  were  used  as  characteristic  parSneters  of  the  chamber  drop¬ 
let  distributions,  since  an  absolute  calibration  was  not  available  to 
relate  a  measured  size  distribution  to  actual  extinction  coefficient 
and  liquid  water  content. 

The  second  of  these  preliminary  studies  was  an  investiga¬ 
tion  of  the  conditions  for  generation  of  droplet  size  distributions 
and  differential  extinction  profiles  within  the  ranges  found  in  natu¬ 
rally  occurring  light  to  heavy  fogs.  The  differential  extinction 
profiles  show  the  contribution  to  extinction  of  particles  with  radii 
in  relatively  small  size  ranges.  Peak  extinction  for  fogs  normally 
occurs  in  the  particle  radius  range  of  2|jm  to  lOym.  No  attempt  was 
made  to  specifically  tailor  size  distributions  to  be  representative 
or  any  particular  type  of  fog  but  rather  to  provide  a  span  of  fog 
droplet  sizes. 

Commercially  available  "cool  mist  vaporizers"  were  used  to 
generate  droplet  distributions  which  had  monomodal  differential  ex¬ 
tinction  curves.  The  radius  of  peak  extinction,  rp,  could  be  varied 

from  about  Sun  to  16pn  by  using  a  variety  of  throttling  and  inqjaction 
techniques.  A  stable  mode  of  operation  with  peak  extinction  at  par¬ 
ticle  radii  of  lOpn  +  Inn  was  finally  used.  Condensation  droplet 
distributions  were  produced  by  introducing  cold  gaseous  nitrogen  into 
the  saturated  vapor  of  the  chamber.  These  distributions  are  charac¬ 
terized  relatively  narrow,  monomodal  differential  extinction 
curves  with  peak  extinction  for  droplet  radii  of  4|in  +  Ipm.  Both 
types  of  droplet  distributions  were  generated  with  densities  ranging 
from  about  0.01  to  4.0  gm/m^.  The  shape  and  peak  position  of  the 
differential  extinction  curves  were  not  particularly  sensitive  to 
variation  of  the  droplet  number  density.  Typical  differential 
extinction  curves  are  shown  in  figure  2. 
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Figure  2.  Topical  differential  extinction  curves  for  condensation 
droplet  (left  peak)  and  mechanically  generated  (right 
peak)  size  distributions. 

A  study  of  the  spatial  uniformity  of  the  droplet  distribu¬ 
tions  was  made  by  varying  the  location  of  the  droplet  generators  and 
using  several  stirring  mechanisms.  Most  of  the  mixing  results  from 
the  circulation  caused  by  the  droplet  generators.  A  small  fan  with 
specially  tailored  blades  provides  the  small  additional  circulation 
(in  the  form  of  a  donut  within  the  chamber)  required  to  obtain  spa¬ 
tially  uniform  distributions. 

The  last  of  the  preliminary  studies  involved  characteriza¬ 
tion  of  two  new  sensing  systems  which  give  real-time  measurements  of 
liquid  water  content.  These  instruments  and  their  characterization 
will  be  reported  in  detail  elsewhere  [1].  Only  a  summary  will  be 
given  here. 


One  system  Involves  a  mass  accumulation  technique  in  which 
droplets  are  collected  on  a  three-dimensional  filter  consisting  of 
layers  of  flannel  on  a  screen  base.  If  the  accumulated  mass  is  mea¬ 
sured  and  divided  by  the  sampling  time  and  the  volume  flow  rate 
through  the  filter,  an  absolute  measurement  of  IKC  is  obtained  in 
units  of  mass  density.  The  three-dimensional  filter  is  critical  to 
successful  masurements  since  water  droplets  would  clog  a  two-dimen¬ 
sional  filter  and  lead  to  Inaccurate  sampling.  Sampling  times 
between  15  s  and  4  min  were  used  for  both  light  and  heavy  mass  den¬ 
sity  droplet  distributions  and  have  yielded  reproducible  results. 
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Caution  is  necessary  in  this  measurement  to  apply  a  time-dependent 
correction  factor  which  results  from  quite  rapid  initial  absorption 
of  water  by  the  dry  filter  fibers.  This  effect  actually  represents 
equilibration  of  the  flannel  to  the  relative  humidity  of  the 
chamber.  Since  this  effect  is  rapid  and  reproducible,  the  necessary 
correction  is  straightforward.  Mass  collection  was  studied  to  deter'^ 
mine  an  adequate  number  of  layers  of  flannel. 

For  the  environmental  chamber  measurements,  filters  are 
preweighed  in  sealed  containers.  Inserted  into  a  sampling  throat  with 
0-rings  seals,  and  are  replaced  in  their  original  container  for  post 
sampling  weighing.  They  are  then  dried  with  a  stream  of  ambient  air 
for  later  use.  A  similar  but  real-time  system  incorporated  into  a 
top  loading  electronic  balance  is  also  used. 

The  second  EMC  measurement  system  uses  a  differential  sam¬ 
pling  technique  and  phase-sensitive  detection.  The  system  has  two 
sampling  throats.  One  throat  is  vertical  and  unobstructed  and  the 
flow  through  it  contains  both  vapor  and  water  droplets;  the  other 
throat  contains\a  series  of  flannel  filters  with  offset  openings 
which  create  free^flow  conditions  through  a  tortuous  path  so  that  the 
resulting  sample  Contains  only  vapor.  A  rotating  half  disc  alter¬ 
nately  selects  samples  from  the  two  throats  and  permits  them  to  flow 
through  a  heated  woven  wire  grid  which  evaporates  the  droplets.  The 
wire  diameter  was  chosen  to  be  much  larger  than  the  water  droplets  to 
provide  a  good  capture  efficiency.  Evaporation  of  water  from  the 
grid  causes  cooling  and  k  change  in  the  grid  resistance;  This  results 
in  an  approximately  linesiV  change  in  the  voltage  applied  across  the 
grid  by  a  constant  current  power  supply.  A  reference  signal  for  a 
lock-in  amplifier  is  obtained  from  the  throat  selecting  half  disc  and 
the  synchronous  voltage  change  across  the  grid  is  measured.  The 
resulting  signal  has  been  shown  to  be  proportional  to  the  total  mass 
density  measured  with  the  filter \system  in  a  series  of  measurements 
over  a  wide  range  of  environmenta^x  chamber  conditions.  Single  and 
multiple  layer  grids  have  been  used  and  no  significant  difference  in 
results  was  found. 

EXPERIMENTAL  PROCEDURES 

The  extinction  coefficient  measurements  in  this  study  were 
made  with  the  laser  tuned  to  the  lOpm  R— 16  CO2  transition  line  at  a 
wavelength  of  10.27vm.  The  laser  beam  power  was  monitored 
continuously — both  prior  to  the  input  mirror  for  the  fog  chamber 
(sampled  by  a  beamsplitter)  and  after  it  left  the  chamber.  The 
length  of  the  path  within  the  chamber  was  1.79  m. 
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Optical  alignment  and  laser  line  stability  were  periodi¬ 
cally  checked  and  no  problems  were  encountered.  The  power  meters  and 
the  differential  LWC  system  were  stabilized  and  baselines  were  estab¬ 
lished.  \ 


The  droplet  generators  were  then  turned  on  and  the  chamber 
was  brought  to  a  droplet  equilibria  condition  which  was  character¬ 
ized  by  constant  values  for  both  laser  output  power  and  LWC.  After 
recording  these  values,  the  droplet  generators  were  turned  off  and 
the  chamber  was  again  allowed  to  reach  an  equilibrlm  with  only  vapor 
present.  This  establishes  a  procedure  for  the  measurement  of  changes 
in  transmission  of  laser  power  due  to  droplet^^s  only. 

\  \ 

The  droplet  generators  were  again  turned  on  and,  after 
equilibrium  conditions  were  reached,  a  set  of  three  filter  measure¬ 
ments  of  liquid  water  content  was  made.  PMS  counter  measurements 
were  then  made  and  the  droplet  generators  were  turned  off.  After  a 
settling  time  to  return  to  vapor-only  conditions,  the  same  measure¬ 
ment  process  was  repeated  with  a  different  power  supplied  (by  use  of 
a  Variac)  to  the  droplet  generators.  Variac  settings  between  60  and 
100  percent  were  used  to  provide  a  variety  of  droplet  number  densi¬ 
ties.  Size  distributions  and  the  shape  and  position  (r  =  lOym  + 
lym)  of  the  differential  extinction  coefficient  curves  remained 
almost  constant  for  all  similar  sets  of  experiments. 

Different  droplet  size  distributions  were  obtained  by  fol¬ 
lowing  the  above  procedure  for  establishing  vapor  saturation  as  well 
as  equilibrium  droplet  conditions  and  then  introducing  cold  nitrogen 
gas  into  the  center  of  the  chamber.  After  an  initial  mixing  period 
of  about  1  min,  chamber  conditions  became  essentially  uniform.  Fol¬ 
lowing  this,  both  the  laser  output  power  and  differential  IWC  signals 
decayed  (over  a  period  of  6  to  10  min)  back  to  those  representative 
of  ambient  temperature  conditions. 

For  some  of  these  condensation  droplet  measurements,  the 
droplet  generators  were  turned  off  before  the  cold  nitrogen  was 
introduced.  Under  these  conditons,  the  position  of  r^  for  the 
differential  extinction  coefficient  curves  was  at  about  4vm  +  lim. 

When  the  droplet  generators  continued  operation,  the  posi¬ 
tion  of  tp  either  occurred  at  an  intermediate  position  or  the  size 
distribution  was  blmodal  with  a  variety  of  shapes  and  the  two-peak 
extinction  positions  within  the  range  of  4ym  to  10pm. 
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Since  chamber  conditions  varied  with  time  for  these  conden¬ 
sation  experiments,  the  WC  filter  measurements  were  made  only  under 
the  original  equilibrium  conditions  to  establish  a  calibration  value 
for  the  differential  IWC  measurement. 

The  PMS  counter  measurements  also  required  a  special  proce¬ 
dure.  Since  the  counter  significantly  depleted  the  Chambers's 
contents,  size  distributions  were  measured  on  alternate  measurement 
sets  for  repeated  conditions.  There  was  an  equilibration  period  when 
the  counter  was  first  turned  on.  The  data  for  this  period  (about  3 
s)  were  discarded.  Then,  several  valid  2  s  sampling  sets  of  data 
were  obtained. 


RESULTS 


The  measured  relationship  between  the  extinction  coeffi¬ 
cient  at  10.2 7 pm  and  the  liquid  water  content  of  environmental  cham¬ 
ber  droplet  distributions  are  shown  in  figures  3a  through  3c. 

Each  of  the  size  distributions  clearly  show  a  linear  rela¬ 
tion  between  the  measured  quantities.  The  ratio  between  them  shows 
some  variation  as  a  function  of  the  droplet  distribution  generation 
mechanlan:  the  slope  for  mechanically  generated  distribution  (figure 
3a)  is  152  km"^/(gm/m^) ,  for  condensation  droplet  distributions 
(figure  3b)  168  km’"^/(gm/m^) ,  and  for  the  combination  of  distribu¬ 
tions  (figure  3c)  is  158  km"V  (gWm^) ,  although  it  could  presumably 
vary  anywhere  between  the  other  two  values. 


However,  the  data  for  all  of  the  distributions  may  be  com¬ 
bined  to  yield  a  linear  relation  with  a  slope  of  159  km”^/(gm/m^) 
with  an  estimated  combined  experimental  error  of  12  km“’^/(gm/m^)  or  8 
percent. 


The  PMS  counter  measurements  of  the  size  distributions  were 
used  in  a  Mie  scattering  program  calculation  of  extinction  coeffi¬ 
cient  (using  a  previously  measured  value  for  the  complex  index  of 
refraction  for  water  at  this  wavelength  by  Hale  et  al.  [4]  and  liquid 
water  content.  This  data  is  assumed  to  give  relative  results  only, 
because  the  absolute  calibration  of  the  instrument  is  not  known,  but 
the  ratio  of  the  calculated  quantities  of  166  +  12  km  ^/(gm/m^)  is  in 
reasonable  agreement  with  that  of  the  measured  slopes.  The  calcu¬ 
lated  extinction  and  liquid  water  content  values  themselves  were 
close  to  the  measured  values  for  one  counter  used  but  were  very  dif¬ 
ferent  for  another,  supposedly  similar  unit. 
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I  .23 

_ LIQUID  WATER  CONTENT  (gms/m^) 

(a)  Mechanically  generated  droplet  size  distributions. 


(b)  Condensation  droplet  size  distributions. 


(c)  Droplet  distributions  generated  by  combinations  of  the 

_ mechanical  and  condensation  techniques. 

Figure  3.  Extinction  coefficients  as  functions  of  liquid  water 
content  for  mechanically  generated,  condensation,  and 
combination  droplet  size  distributions. 
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CONCLUSIONS 

Measurements  have  been  made  of  the  extinction  coefficient 
at  10.27im  and  independently,  of  the  liquid  water  content  of  a  large 
nunber  of  environmental  chamber  droplet  size  distributions  with  radii 
spanning  those  of  a  variety  of  fogs.  A  linear  relation  has  been 
found  which  is  approximately  independent  of  the  size  distribution. 
The  measured  ratio  of  extinction  coefficient  to  liquid  water  content 
is  159  km“^/(gm/m^) . 

These  restilts  are  in  good  agreement  with  the  linear  rela¬ 
tion  predicted  by  Chylek  [3]  and  calculated  by  Plnnick  et  al.  [2]  at 
Hum  based  on  PMS  counter  size  distribution  measurements  of  fogs  and 
hazes. 


These  results  Involve  complex  measurements  that  are  very 
sensitive  to  the  environment.  Nevertheless,  they  do  support  the 
thesis  that  liquid  water  content  can  be  used  at  lOym  wavelengths  as  a 
measure  of  extinction — a  most  Important  quantity  in  the  application 
of  military  systems  (e.g.,  to  European  environments). 

Systems  for  the  measurement  of  liquid  water  content  under 
field  conditions  are  being  developed  from  those  used  in  this  study. 
They  will  be  used  in  European  and  other  field  environments  beginning 
in  1980. 
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In  modern  warfare  concept,  one  of  the  greatest  threats  to 
the  success  of  military  operations  has  been  the  tactical  use  of 
chemical  warfare  (CW)  agents  by  the  enemy.  Chemical  weapons  can  vary 
from  incapacitants ,  such  as  mustards,  to  lethal  agents,  such  as  nerve 
gas.  Both  the  U.S.  and  the  Soviet  Union  have  large  stockpiles  of 
chemical  weapons  (1) .  Nerve  gas  agents  such  as  Sarin  (GB)  and  Soman 
(GD)  are  generally  difficult  to  detect  in  the  field,  and  they  exert  a 
rapid,  eventually  irreversible,  paralytic  effect  upon  exposed  mill- 
tary  personnel.  Sarin  and  Soman  are  chemically  related  to  methyl 
phosphonic  acid  (2)  and  as  such,  are  classified  under  the  general 
term,  organophosphates.  These  agents  can  be  produced  as  aerosols  for 
their  immediate  potentially  lethal  effects,  but  they  can  also  be 
produced  in  a  thickened  form  which  can  be  spread  upon  strategic 
terrain  in  order  to  deny  access  to  opposing  forces.  Protective 
clothing  has  been  developed  by  the  military.  However,  because  it 
cannot  be  tolerated  physiologically  over  extended  periods  of  time,  * 
the  protective  wear  is  not  normally  worn  by  troops  in  the  field. 
Consequently,  soldiers  may  be  become  exposed  to  CW  agents  before 
preventive  measures  may  be  employed. 

Although  many  lives  will  be  lost  to  CW  weaponry,  there  will 
be  a  considerable  number  of  soldiers  that  will  survive  with  the  rapid 
initiation  of  the  correct  medical  therapy.  It  is  these  potential 
survivors,  critical  to  the  combat  effort,  that  will  require  specific 
diagnostic  and  supportive  care.  Critical  steps  in  providing  neces¬ 
sary  aid  to  the  soldier  exposed  to  CW  agents  will  be  the  early 
determination  of  [1]  exposure,  [2]  the  degree  of  exposure,  [3]  the 
nature  of  the  specific  agent  employed  by  the  enemy  and  [4]  to  deter¬ 
mine  if  an  antidote  has  been  utilized.  Diagnosis  may  be  complicated 
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by  the  indiscriminate  use  of  antidote  cartridges  which  have  their  own 
potentially  serious  incapacitating  complications. 

Presently,  the  diagnosis  of  CW  exposure  in  the  field  is 
based  upon  clinical  signs  displayed  by  the  victim.  These  signs  in 
the  field  environment  are  unreliable.  More  sophisticated  chemical 
diagnostic  tests  are  available,  but  they  require  elaborate  laboratory 
equipment.  Therefore,  these  tests  are  not  applicable  in  the  field. 
Because  saliva  can  be  readily  obtained  in  the  field  by  noninvasive 
techniques,  and  since  saliva  contains  its  own  unique  chemical  con¬ 
stituents,  it  was  decided  to  explore  the  use  of  saliva  for  developing 
a  rapid  diagnostic  test  for  CW  exposure. 

Two  different  approaches  can  be  used  for  the  development  of 
a  diagnostic  screening  test  using  saliva  for  organophosphate  poison¬ 
ing.  The  first  could  be  a  direct  method  in  which  the  test  would 
detect  the  presence  of  the  agent  itself  or  the  inactivation  of  the 
specific  target  of  the  organophosphates,  acetylochollne  esterase. 

The  second  approach,  or  Indirect  method,  would  be  to  determine  alter¬ 
ations  in  salivary  constituents  produced  by  the  agents  and/or  their 
antidotes.  The  indirect  method  was  chosen  in  this  experiment  for 
the  following  reasons:  first,  the  active  agent  would  probably  be 
undetectable  in  saliva  since  it  would  be  readily  bound  to  acetyl¬ 
choline  esterase  and,  therefore,  unavailable  for  testing  in  its  free 
biologically  active  state.  In  addition,  a  determination  of  acetyl¬ 
choline  esterase  activity  would  also  be  inappropriate  since  the 
enzyme  is  normally  present  in  low  concentrations  in  saliva.  It  has 
been  estimated  that  large  volume  saliva  samples  would  be  required 
for  even  the  most  sensitive  of  assays  (3).  It  was,  therefore,' 
decided  that  the  indirect  approach  offered  the  best  chance  for 
success  in  the  development  of  a  rapid  test  for  organophosphate 
exposure. 

Initially  there  were  important  technical  considerations  in 
designing  experiments.  It  would  first  be  necessary  to  establish  an 
animal  model  system  which  was  comparable  to  humans,  and  then  to 
determine  the  extent  to  which  animal  salivary  gland  physiology  data 
could  be  directly  compared  with  the  human  salivary  system.  Another 
consideration  was  to  compare  animal  salivary  gland  responses  to  the 
nerve  agents  with  the  glandular  responses  to  other  cholinergic 
drugs,  since  cholinergic  agents  might  ultimately  replace  the  CW 
agents  in  the  process  of  developing  our  diagnostic  tests. 

This  study  reports  the  results  of  a  preliminary  investiga¬ 
tion  on  the  effects  of  nerve  agents  upon  saliva  and  corresponding 
changes  in  glandular  physiology  which  might  be  potentially  useful 
as  diagnostic  tests  in  the  future. 
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MATERIALS  AND  METHODS: 

A.  Sample  Collection 

Fifteen  cynomolgus  monkeys  (Macaca  fascicularis) , 
including  five  male  monkeys,  average  weight  13  pounds;  and  10  female 
monkeys,  average  weight  7  pounds;  were  tested  under  the  following 
regimen.  Each  monkey  was  sedated  with  sernalin  and  placed  in  a  prone 
position  on  a  monkey  restraint  board.  A  baseline  whole  saliva  sample 
was  collected  by  drooling  for  30  minutes  and  the  total  volume  was 
measured.  One  milligram  of  a  cholinergic  drug  (pilocarpine,  neo¬ 
stigmine,  or  physostigmine)  was  administered  subcutaneously.  After 
5  minutes,  a  second  sample  was  collected  for  15  minutes,  and  the 
volume  was  measured.  Atropine  sulfate  (0.1  ing)  was  administered 
subcutaneously.  After  5  minutes  more,  a  third  sample  was  collected 
for  15  minutes,  and  the  volume  was  measured.  The  samples  were 
centrifuged  to  remove  particulate  and  cellular  matter  and  frozen  at 
-40®C  until  analyzed. 

After  baseline  and  cholinergic  drug  testing,  the 
monkeys  were  again  sedated  with  sernalin  and  placed  on  a  monkey 
restraint  board.  A  baseline  whole  saliva  sample  was  collected  by 
drooling  for  15  minutes.  One  estimated  LD^q  dose  (=15  ug/kg)  of  GB 
was  administered  intravenously,  and  a  second  5  minute  saliva  sample 
was  collected  immediately.  At  the  end  of  the  5  minute  collection, 
0.15  ml  of  the  nerve  agent  antidote,  TAB  (20  mg/ml  TMB-4,  2.1  mg/ml 
Benactyzine  HCl,  0.52  mg/ml  atropine  sulfate)  was  administered  intra¬ 
muscularly,  and  a  third  salivary  sample  was  collected  for  5  minutes. 
This  was  followed  immediately  by  a  10  minute  collection  of  a  fourth 
saliva  sample.  The  saliva  samples  were  centrifuged  to  remove  par¬ 
ticulate  and  cellular  matter  and  then  frozen  at  -40 ®C  until  analyzed. 

B.  Analysis  of  Saliva 

1.  Flow  rate  was  determined  by  dividing  the  total 
volume  of  each  collection  by  the  collection  time. 

2.  Total  protein  of,  the  saliva  samples  was  deter¬ 
mined  on  a  1:40  dilution  of  saliva  by  the  method  of  Lowry  (4).  All 
protein  determinations  were  performed  in  triplicate  using  bovine 
serum  albumin  as  a  standard. 

3.  Isoelectrofocusing  of  saliva  samples  was  per¬ 
formed  by  applying  the  saliva  on  Icm^  filter  paper  strips  to  a 

pH  3. 5-9. 5  ampholine  thin  layer  polyacrylamide  gel  plates  (LKB) .  The 
plates  were  fixed  and  stained  with  coomassie  blue  R-250  (5) .  The 
shape  of  the  pH  gradient  was  determined  by  an  LKB  surface  electrode. 

4.  Salivary  amylase  activity  was  determined  by  a 
modification  of  Caraway’s  method  (6).  Enzyme  activity  was  determiner 
by  using  a  1:250  dilution  of  saliva.  If  the  sample  produced  a  light 
absorption  reading  of  less  than  0.100,  then  a  1:2  dilution  was  made 
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on  the  1:250  dilution  and  reanalyzed.  All  enzyme  activities  were 
determined  in  duplicate  and  averaged. 

5.  Electrolyte  determinations:  Saliva  samples  were 
diluted  1:50  using  a  0.1%  lanthium  chloride  solution  and  standards 
were  also  prepared  In  0.1%  lanthium  chloride.  Calcium  and  magnesium 
levels  were  determined  by  standard  flame  atomic  absorption  spectro¬ 
photometry  (7).  Potassium  concentrations  were  determined  on  the 
above  diluted  saliva  samples  using  1  ml  of  the  1:50  dilution,  to 
which  was  added  1  ml  sodium  (1  mg/ml)  solution  and  3  ml  of  distilled 
H2O.  Sodium  was  determined  on  the  above  diluted  saliva  samples  using 
0.5  ml  of  1:50  dilution  to  which  was  added  1  ml  potassium,  1  mg/ml, 
and  2.5  ml  of  H2O.  Flame  emission  spectrophotometry  using  766.5  nm 
and  589.6  nm  was  employed  for  determination  of  potassium  and  sodium 
concentration  respectively. 

6.  Hemagglutination  inhibition  titers  were  deter¬ 
mined  with  modified  microtiter  methods  using  whole  Fusobacterium 
polymorphym  (ATCC  10953)  organisms  (8) . 

7.  Student  t-tests  of  data  were  run  to  determine  if 
statistically  significant  changes  at  the  95%  confidence  level  had 
occurred  during  administration  of  the  various  drugs  (9) . 

RESULTS  AND  DISCUSSION: 

Excessive  salivation  is  one  of  the  major  clinical  findings 
reported  with  organophosphate  intoxication  (10,  11,  12).  The  re¬ 
sults  of  testing  pilocarpine,  neostigmine  and  physostlgmlne  show  that 
these  cholinergic  drugs  produced  marked  increases  in  salivary  flow 
rates  which  were  5  to  10  times  greater  than  baseline  (Tables  1,  2,  3). 
This  is  in  agreement  with  other  published  reports  (13,  14,  15).  In 
this  study,  pilocarpine  produced  an  increased  salivary  flow  rate 
which  was  greater  than  that  of  neostigmine,  which,  in  turn,  was 
greater  than  that  produced  by  physostlgmlne.  The  differences  in  flow 
rate  stimulation  between  pilocarpine  and  neostigmine  and  between 
pilocarpine  and  physostlgmlne  were  statistically  significant.  Neo¬ 
stigmine  produced  a  slightly  greater  increase  in  salivary  flow  than 
physostlgmlne,  however,  this  difference  was  not  statistically 
significant. 

In  contrast,  administration  of  Sarin  (GB)  did  not  stimulate 
Increased  flow  rate  (Table  4)  even  though  the  clinical  signs  of  Sarin 
intoxication  were  evident  within  30  seconds  after  its  administration. 
It  was  evident  in  these  monkeys  that  Sarin  did  not  produce  the  in¬ 
crease  in  salivation  which  had  previously  been  ascribed  to  other 
forms  of  organophosphate  intoxication  and  cholinergic  stimulation. 

An  explanation  for  the  disagreement  may  be  the  specific  mode  of 
action  and  compartmental  distribution  of  the  CW  agent.  All  of  the 
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Table  1 

Mean  Salivary  Flow  Rate  and  Concentrations  of  Salivary  Constituents 

Given  Cholinergic  Drugs 
(Mean  Values  +  Standard  Deviation) 


Constituent 

Baseline 

Pilocarpine 

Atropine 

Flow  Rate  ml /min 

0.09ip.l0 

1.34+0.44 

0.1840.22 

Protein  mg/ml 

5.33+3.69 

6.25+2.04 

4.52+1.51 

Sodium  mg/ml 

1.040.6 

2.740.5 

2. 9+0. 5 

Potassium  mg/ml 

2. 4+0. 6 

1.4+0. 4 

1.0+0. 2 

Calcium  pg/ml 

17.3+11.6 

35.4+24.1 

34.1+24.8 

Magnesium  pg/ml 

5. 1+4: 3 

3.5+1. 5 

7. 7+3. 9 

Amylase* 

121+140 

415+692 

340+504 

Table  2 

Mean  Salivary  Flow  Rate  and  Concentrations  of  Salivary  Constituents 

Given  Cholinergic  Drugs 
(Mean  Values  +  Standard  Deviation) 


Constituent 

Baseline 

Neostigmine 

Atropine 

Flow  Rate  ml /min 

0.17+  0.33 

1.0040.46 

0.43+0.37 

Protein  mg/ml 

6.40+3.10 

7.30+2.47 

5.99+3.09 

Sodium  mg/ml 

0.840.5 

2.040.8 

2.740.7 

Potassium  mg/ml 

2.840.7 

2.203.8 

1.5+0. 7 

Calcium  ;ig/ml 

20.349.4 

46.5+16.3 

82.4+54.5 

Magnesium  ;ug/ml 

3. 8+2. 6 

5. 2+2. 9 

9. 4+4.0 

Amylase* 

190+236 

290+225 

260+272 
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Table  3 

Mean  Salivary  Flow  Rate  and  Concentrations  of  Salivary  Constitutents 

Given  Cholinergic  Drugs 
(Mean  Values  +  Standard  Deviation) 


Constituent 

Baseline 

Physostigmine 

Atropine 

Flow  Rate 

0.2340.37 

0.85+0.45 

0.18+0.12 

Protein 

4.11H4).90 

7.93+2.88 

6.78+2.17 

Sodium 

0.6HP.4 

1.8j^.7 

2.040.5 

Potassium 

3.2+1. 2 

2. 8+1.1 

1.940.9 

Calcium 

16.5+7.4 

31.9+20.0 

32.7+19.8 

Magnesium 

2. 4+1. 2 

2. 3+1.0 

9.2+4. 7 

Amylase* 

137+245 

184+196 

260+272 

Table  4 


Mean  Salivary  Flow  Rate  and  Concentrations  of  Salivary  Constitutents 

Of  Monkeys  Exposed  to  GB 
(Mean  Values  +  Standard  Deviation) 


Constituents 

Baseline 

GB 

GB/TAB 

TAB 

Flow  Rate  ml/min 

0.19jp.38 

0.2740.21 

0.1540.11 

0.0740.09 

Protein 

7.12+3.42 

9.95+3.94 

8.90+4.65 

10.37+4.53 

Sodium 

2. 2+1.0 

2.040.8 

2.740.5 

2.740.2 

Potassium 

3.040.6 

3.040.4 

2.5+0. 3 

2.340.4 

Calcium 

13.9+6.4 

12.8+4.2 

11.644.9 

13.4+4.3 

Magnesium 

4.0+1. 7 

3. 3+1. 3 

3. 6+1. 4 

4. 4+3.4 

Amylase* 

141+92 

118+107 

114+95 

76+87 

*Amylase  Units/100  ml  x  10^ 
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drugs  used  in  this  study,  including  Sarin,  are  classified  as  cholin¬ 
ergic  agents,  and  each  has  parasympathomimetic  action.  Pilocarpine 
functions  as  an  analogue  of  acetylcholine  (16) .  Neostigmine  and 
physostigmine  are  acetylcholine  esterase  inhibitors  but,  unlike 
Sarin,  are  reversible  inhibitors  (17) .  These  drugs  may  also  be 
characterized  by  their  compartmental  distribution  in  the  central 
nervous  system  (CNS)  or  peripheral  nervous  system  (PNS) .  Some 
agents,  e.g.,  physostigmine  and  Sarin,  demonstrate  both  CNS  and  PNS 
actions  while  neostigmine  and  pilocarpine  are  primarily  PNS  in 
action  (16) .  Examination  of  our  flow  rate  data  suggests  that  Sarin 
is  closer  to  physostigmine  than  to  either  pilocarpine  or  neostigmine 
in  its  physiological  effects.  But  the  measureable  difference  between 
Sarin  and  physostigmine  could  be  due  to  an  even  greater  central 
nervous  system  action  of  Sarin. 

The  antidote  used  to  block  the  actions  of  the  cholinergic 
drugs  is  atropine  (17) -  Atropine  is  also  used  as  an  antidote  for 
nerve  agents  and  is  a  part  of  the  combo  pen  (T.A.B.)  antidote  for 
nerve  agents  (12) .  The  administration  of  atropine  to  the  monkeys 
after  stimulation  effectively  returned  the  salivary  flow  rate  to 
baseline  values.  There  was  no  statistical  difference  between  base¬ 
line  and  atropine  flow  rates  in  any  of  the  cholinergic  drugs  used. 

The  antidote  TAB  produced  a  decrease  in  the  flow  rate  when  compared 
to  GB  stimulation.  This  difference  was  statistically  significant. 

One  way  of  evaluating  the  function  of  the  salivary  glands 
is  an  evaluation  of  the  protein  concentration  in  saliva.  Protein  in 
saliva  is  derived  from  two  sources.  One  part  of  the  protein  in 
saliva  takes  its  origin  from  plasma,  and  is  derived  by  transudation 
into  the  ductal  lumen  from  the  acinar  cells.  The  major  portion  of 
salivary  proteins  are  those  directly  synthesized  by  the  serous  and 
ductal  cells.  Stimulation  by  cholinergic  drugs  produced  a  slight 
increase  in  protein  concentration,  and  administration  of  atropine 
reduced  the  protein  concentration  to,  or  slightly  below,  baseline 
(Tables  I,  :.2,  3).  These  results  are  in  agreement  with  previously 
reported  results.  Administration  of  GB  produced  the  same  increase 
in  total  protein  as  did  the  cholinergic  drugs,  but,  upon  administra¬ 
tion  of  the  TAB,  the  protein  remained  elevated  (Table  4). 

More  than  20  different  proteins  have  been  identified  in 
saliva  by  isoelectrofocusing  which  is  one  of  the  most  powerful  tech¬ 
niques  used  in  the  separation  of  proteins.  Separation  of  proteins  in 
different  baseline  and  cholinergic  drug  stimulated  samples  showed 
consistent  variation  in  one  protein  band  (Fig  1) .  This  band, 
identified  as  amylase  via  various  zymogen  techniques,  had  an  iso¬ 
electric  point  of  6.4.  This  band  increased  in  staining  intensity 
upon  administration  of  the  cholinergic  drugs,  and  the  increased 
staining  intensity  remained  after  the  administration  of  the  atropine. 
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Ths  sdininistiration  of  GB  did  not  produce  the  seme  Increese  in 
staining  in  this  band,  but  instead  produced  an  apparent  decrease  in 
the  amylase  band  (Fig  2) . 

Salivary  amylase  is  the  major  enzyme  present  in  saliva 
(18) .  Total  salivary  amylase  activity  was  determined  on  saliva 
samples,  and  the  results  are  shown  in  Tables  1,  2  and  3.  Total 
salivary  amylase  activity  shows  a  marked  increase  with  the  adminis¬ 
tration  of  the  different  cholinergic  drugs.  Pilocarpine  produced 
the  largest  increase  in  amylase  with  neostigmine  producing  the  next 
largest  increase.  Administration  of  atropine  decreased  the  amylase 
activity  slightly.  Salivary  amylase  is  produced  specifically  by  the 
serous  acinar  cells  (19) ,  which  indicates  that  the  increased 
acetylcholine  caused  by  the  different  cholinergic  agents  stimulates 
the  synthesis  of  amylase  by  the  serous  cells  and  that  atropine  only 
partially  blocks  this  synthesis. 

Sarin  did  not  produce  the  same  effect  on  salivary  amylase 
as  did  the  other  cholinergic  drugs,  but  instead,  it  produced  a  slight 
decrease  in  salivary  amylase  activity,  which  is  in  agreement  with 
the  isoelectrofocuslng  patterns.  The  antidote  TAB  produced  a 
further  decrease  in  the  concentration  of  amylase  activity.  These 
results  correlate  with  the  findings  of  the  salivary  flow  rate 
changes  produced  by  the  Sarin. 

In  the  Interpretation  of  data  developed  from  an  animal 
model  system,  care  must  be  taken  in  extrapolation  of  that  data  to 
the  human  system.  Consequently,  in  order  to  test  the  possible 
validity  of  such  an  extrapolation,  saliva  from  various  animal  models 
and  humans  were  run  on  isoelectrofocuslng  plates  to  compare  the 
protein  fingerprinting  pattern.  The  findings  indicate  that  no 
direct  comparison  could  be  made  between  the  fingerprint  patterns  in 
monkeys  and  humans  since  the  major  protein  banding  did  not  overlap 
(20) .  This  observed  disparity  could  be  explained  on  the  basis  of 
philogenetic  amino  acid  differences  in  the  proteins,  even  though 
similar  proteins  have  been  identified  in  both  monkey  and  human 
salivas . 

Another  means  of  examining  salivary  functions  is  to 
evaluate  changes  in  electrolyte  concentrations.  Salivary  fluid  in 
the  intercalated  duct  lumen  is  iso-osmotic  with  respect  to  plasma. 
Through  secretion  and  reabsorption  of  various  ions,  saliva  becomes 
hypo— osmotic.  By  measuring  changes  in  salivary  ion  concentration. 
Insight  can  be  gained  regarding  the  influence  of  various  drugs  upon 
salivary  gland  function.  In  these  studies,  sodium,  the  major  extra¬ 
cellular  cation  showed  a  marked  increase  in  concentration  upon 
administration  of  the  cholinergic  agents,  and  after  administration 
of  atropine,  the  sodium  concentration  remained  approximately  equal 
to  its  stimulated  value  (Table  4) .  Sarin  also  produced  an  increase 
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in  sodium  concentration,  however,  the  elevation  was  masked  by  an 
unexplained  elevated  baseline  sodium  level.  The  antidote  TAB  showed 
no  measureable  effects  on  the  increased  sodium  concentration 
(Table  4) .  The  data  suggest  that  the  excess  acetylcholine  produced 
by  the  cholinergic  drugs  acts  to  increase  the  secretion  of  sodium. 

Potassium,  which  is  usually  inversely  related  to  sodium 
concentration,  showed  an  expected  decrease  in  concentration  upon 
administration  of  the  cholinergic  drugs.  Physostigmine  did  not  pro¬ 
duce  as  marked  a  decrease  as  neostigmine- and 7pllocarp±rte.  'Atropine 
produced  a  further  decrease  in  potassium  concentration  \diich  was 
dependent  upon  the  initial  depression  produced  by  the  cholinergic 
agents.  Sarin  exposure  did  not  produce  any  change  in  potAssium 
levels  initially,  and  the  TAB  produced  only  a  slight  decrease  in  the 
potassium  values.  These  data  suggest  that  there  is  a  difference  in 
the  salivary  gland  response  to  the  various  cholinergic  agents.  This 
probably  depends  upon  the  previously  suggested  compartmental  distri¬ 
bution  of  the  CNS  vs  peripheral  effects  of  each  drug. 

The  three  cholinergic  drugs  produced  an  increase  in  the 
concentration  of  the  major  intercellular  divalent  cation,  calcium. 
Atropine  maintained  the  calcium  concentration  at  stimulation  levels. 
The  pattern  of  changes  in  calcium  concentrations  was  similar  to  that 
shown  by  sodium.  Sarin  and  TAB  did  not  produce  changes  in  calcium 
concentration. 

Magnesium,  the  major  intracellular  divalent  cation,  showed 
either  a  consistent  increase  (physostigmine)  or  decrease  (pilocarpine) 
in  salivary  concentration.  Neither  Sarin  nor  TAB  produced  any 
changes  in  Salivary  magnesium  concentration. 

As  discussed  earlier,  when  comparing  data  collected  in  an 
animal  model  system,  care  must  be  taken  in  extrapolation  of  the  data 
to  humans.  However,  with  respect  to  changes  in  salivary  electrolytes, 
the  responses  in  c3niomolgus  and  Rhesus  monkeys  were  found  to  be 
comparable.  Since  the  salivary  electrolyte  concentration  in  Rhesus 
monkeys  has  been  reported  (21)  to  be. identical  to  those  in  hxanans, 
the  electrolyte  information  in  this  study  should  be  a  good  indicator 
of  how  human  salivary  electrolytes  will  respond  to  chemical  warfare 
agents • 

Oral  cavity  physiology  and  alterations  in  it  may  play  a 
major  role  in  the  host  defense  mechanisms  of  both  the  oral  cavity  and 
the  upper  respiratory  tract.  If  the  defense  mechanism  against 
bacterial  invasions  is  compromised,  then  additional  medical  supportive 
measures  must  be  initiated  to  prevent  further  loss  of  manpower  during 
treatment  and  convalescence.  The  micro-hemagglutination  inhibition 
test  indicated  that  baseline  saliva  contained  high  titers  of  an 
inhibitor  to  bacterial  hemagglutination.  This  assay  has  been  used  as 
an  indicator  of  bacterial  colonization  mechanisms  (4) .  Salivas 
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collected  after  stimulation  with  pilocarpine  and  Sarin  s^wed  a 
several-fold  decrease  or  absence  of  titratable  colonizatibn  inhibitor 
(Table  5). 


Table  5 


B702  1:512*  1:8  --  ND 

B703  1:128  1:32  -  -  ND 

7B55  1:512  -  -  Undiluted  1:128 

7B62  1:512  -  -  1:128  1:128 

7B59  1:128  _ 1:2  _ 1:128 

*Two-fold  serial  dilutions  of  saliva  in  phosphate-buffered  saline 
pH  7. 4, 

One  explanation  could  be  a  dilution  effect  upon  the  inhibitor. 

However,  since  there  was  no  linear  correlation  with  increased  flow 
rate  and  the  loss  of  the  salivary  inhibitor,  the  data  indicate  that 
both  pilocarpine  and  Sarin  had,  in  this  case,  two  independent  specific 
effects:  (1)  an  increased  flow  rate  and  (2)  depression  of  inhibitor 

activity.  Administration  of  atropine  and  TAB  partially  restored 
the  baseline  inhibitor  titers. 

SUMMARY  AND  CONCLUSIONS: 

It  is  evident  from  these  data  presented  that  Sarin,  under 
these  conditions,  did  not  produce  the  same  effect  as  other  choliner¬ 
gic  drugs  on  salivary  gland  function.  The  data  clearly  shows  that 
Sarin  did  not  increase  the  salivation  rate  and  this  finding  is  in 
direct  disagreement  with  the  previously  reported  characteristic 
signs  of  organophosphate  intoxication. 

Normally,  increases  of  acetylcholine  in  the  salivary  glands 
would  produce  an  increase  of  total  protein,  amylase  activity,  sodium 
and  calcium  concentrations,  and  a  concomitant  decrease  in  potassium 
concentration.  Sarin  produced  only  increases  in  protein  and  sodium, 
but  it  did  not  provide  the  parallel  Increases  in  calcium  concentration 
and  amylase  activity  or  the  decrease  in  potassium  concentration. 
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Sarin  actually  produced  a  slight  decrease  in  salivary  amylase 
activity.  From  the  data,  it  is  apparent  that  one  of  the  major  con¬ 
siderations  of  any  agent  is  the  central  effect  of  the  drug  versus 
its  potential  peripheral  effect.  Sarin,  under  the  conditions  of  this 
study,  apparently  displayed  a  primary  CNS  effect  while  the  other 
cholinergic  drugs  were  primarily  peripheral  in  their  effect.  Sarin 
closely  resembles  Soman  (GD)  in  structure,  and  Soman,  like  Sarin, 
produces  no  salivary  stimulation  (22)  .  On  the  other  hand,  VX  does 
not  readily  cross  biological  membranes  and  therefore  would  be 
expected  to  have  an  entirely  peripheral  action  which  should  produce 
activity  parallel  to  the  other  cholinergic  drugs  tested  here.  If  so, 
this  fact  may  act  to  differentiate  between  the  effects  of  the  nerve 
agents  GB  or  GD  type  from  the  effects  of  VX  types. 

More  research  is  needed  on  other  agents  and  on  their 
response  patterns  before  any  conclusive  recommendations  can  be  made. 
Currently  from  the  data,  a  hypothetical  salivary  dipstick  could  be 
designed  to  detect  CW  agent  exposure.  The  dipstick  would  contain  a 
set  of  three  spots  which  would  react  with  the  following  chemicals: 
one  spot  for  salivary  amylase  which  would  Indicate  if  a  soldier  has 
been  exposed  to  a  nerve  agent,  the  second  spot  would  be  sensitive 
to  magnesium  which  would  indicate  if  the  soldier  had  been  given 
atropine  or  TAB,  the  third  spot  would  act  as  a  cross  check  on  the 
first  two  spots  by  being  sensitive  to  potassium  which  would  indicate 
administration  of  both  the  CW  agent  and  atropine. 

Finally,  the  changes  found  in  the  oral  cavity  immunological 
defense  mechanisms  require  further  study.  The  findings  suggest 
that  exposure  to  CW  agents  may  compromise  the  natural  defense  mech¬ 
anism.  If  a  soldier  were  to  survive  exposure  to  nerve  agents,  he 
would  yet  ultimately  be  lost.  With  a  compromised  immimological 
defense  mechanism  as  such,  he  could  be  more  susceptible  to  rampant 
infectious  processes. 
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MICROGRAVIMETRY  AND  THE  MEASUREMENT  AND 
APPLICATION  OF  GRAVITY  GRM)IENTS 


DWAIN  K.  BUTLER 

U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
VICKSBURG,  MISS.  39180 

INTRODUCTION 

Gravimetry  is  the  science  which  studies  the  earth's  gravi¬ 
tational  field  in  all  its  aspects.  Applied  gravimetry  involves  mea¬ 
surements  of  the  vertical  component  of  the  gravitational  field  g^ 
and  the  attempt  to  deduce  geologic  structure  from  the  data.  Any  in¬ 
version  of  the  gravity  data  to  yield  a  possible  causative  mass  (or 
density)  distribution  will  be  nonunique  (as  with  inversions  of  all 
potential  field  data);  however,  by  coupling  geological  constraints 
and  other  available  geophysical  data,  the  range  of  feasible  solutions 
can  be  narrowly  bracketed.  Commonly,  the  objective  of  gravimetric 
exploration  is  the  location  of  structural  or  stratigraphic  environ¬ 
ments  typical  of  oil  and  gas  or  ore  deposits.  A  perhaps  less  obvious 
application  of  gravimetry  is  to  geotechnical  problems,  where  the  ob¬ 
jective  is  shallow  structural  mapping  to  detect  anomalous  conditions 
such  as  subsurface  cavities,  fracture  zones,  faults,  variation  in 
depth  to  top  of  rock,  burled  river  channels,  etc.  These  high- 
resolution  applications  of  gravimetry  involve  not  only  a  significant 
scaling  down  in  size  and  depth  of  the  structures  of  Interest  and  cor¬ 
responding  decrease  in  required  profile  and  grid  spaclngs,  but  also 
relative  measurements  of  the  acceleration  of  gravity  in  the  ygal 
range  (1  ygal  =  lO"®  gal  =  IQ-^  cm/s2  «  10-9  times  the  normal  gravi¬ 
tational  acceleration).  High-resolution  gravimetry  is  properly  re¬ 
ferred  to  as  microgravimetry  (1—3) .  Application  of  microgravimetry , 
particularly  to  geotechnical  problems,  has  enjoyed  only  limited  suc¬ 
cess  due  to  poor  gravimeter  sensitivity  and  accuracy  and  lack  of  ap¬ 
preciation  for  proper  field  procedures.  However,  the  development  of 
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a  true  "microgal"  gravity  meter*  iii  the  late  1960 ’s  has  made  micro- 
gravimetry  a  viable  geotechnical  field  method. 

Recognizing  the  potential  value  of  microgravimetry  for  geo¬ 
technical  applications,  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  began  a  research  effort  in  1978  to  assess  the  benefits 
to  the  Corps  of  Engineers  and  WES  of  developing  complete  in-house 
capability  for  application  of  microgravimetric  techniques.  One  of 
the  most  promising  areas  of  application  is  the  detection  and  delinea¬ 
tion  of  subsurface  cavity  systems  in  areas  with  solution-susceptible 
bedrock.  Microgravimetry  has  successfully  been  applied  at  a  field 
test  site  in  Florida  to  map  a  cavity  system.  Another  area  of  inter¬ 
est  and  the  subject  of  this  paper  is  the  use  of  microgravimetric 
techniques  to  determine  the  first  vertical  and  horizontal  derivatives 
(gradients)  of  gg;  .  The  gravity  gradients  are  of  fundamental  im¬ 
portance  and  offer  three  advantages  over  measurement  of  just  g^ 
alone;  (a)  Increased  detectability  limits  and  resolution  of  anoma¬ 
lies  due  to  shallow  structures;  (b)  gradient  profiles  have  diagnostic 
properties  which,  in  many  cases,  may  make  subsurface  structure  iden¬ 
tification  more  straightforward;  and  (c)  the  gradients  should  selec¬ 
tively  filter  out  anomalies  from  deeper  structures  and  thus  enhance 
the  detection  of  anomalies  due  to  shallow  structures.  The  results  of 
a  controlled  field  study  to  evaluate  techniques  for  determining  grav¬ 
ity  gradients  and  the  use  of  these  data  for  structural  interpreta¬ 
tions  are  presented  in  this  paper. 

GRAVITY  GRADIENTS 


Considering  a  Cartesian  coordinate  system  (x,y,z),  with  the 
z-axls  vertically  downward,  the  derivatives  of  interest  are  Sgg/Bz  , 
agg/ax  ,  and  Sggj/Sy  •  It  is  a  natural  approach  to  study  a  function 
such  as  gz  by  examining  its  derivatives  or  gradients  in  specified 
directions.  Since  g^  =  au/az  ,  where  U  is  the  gravitational  po¬ 
tential,  we  are  interested  in  defining  various  components  of  the  sec¬ 
ond  derivative  matrix  U,£j  ,  where  the  comma  indicates  partial  dif¬ 
ferentiation  (with  respect  to  the  subsequent  indices)  and  i  and  j 
=  1,  2,. 3  corresponding  to  x,  y,  z,  respectively.  For  U  due  to 


a  purely  two-dimensional  structure,  U,ij  is  a  second-order  tensor. 
In  particular,  we  are  interested  in  U,xz  >  U,vz  j  and  U,77  . 


~  n  '  '  ^»ZZ* 

Since  V^U  =0  in  source-free  space,  we  know  that  Uj^^  “ 

+  U,J^)  .  Also  since  v2g^  =  0  ,  we  have  =  '(Sz.xx  +  8z,y^ 

which  suggests  a  way  in  which  gz  zz  8z  z  integrating) 

could  be  obtained  by  numerical  methods  from  gridded  g^  data. 


*  LaCoste  and  Romberg,  Inc.,  Model-D  "Microgal"  Gravimeter. 
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Indeed,  numerous  techniques  for  calculating  Sgz/Sz  (g^  have  been 
proposed;  however,  all  suffer  from  all  the  inaccuracies ’ and  deficien¬ 
cies  of  the  original  gz  data  and  from  fictitious  anomalies  intro¬ 
duced  by  the  numerical  process  (A).  Clearly,  the  problems  associated 
with  calculating  gz  x  8z,y  from  gridded  gz  data  should  be 

much  less  difficult.’  However,  the  basic  problem  remains  that,  for 
standard  survey  techniques,  the  grid  data  are  too  widely  spaced  for 
the  gradient  values  to  have  any  real  significance  for  delineating 
structures. 

It  is  highly  desirable  that  field  techniques  be  developed 
for  directly  determining  the  gravity  gradients.  Since  gravity  gradi- 
ometers  do  not  exist  (5) ,  the  determinations  will  be  finite  difference 
approximations  to  the  partial  derivatives,  i.e. 

Vertical  gradient 

For  the  vertical  gradient,  the  procedure  simply  Involves 
measuring  surface  and  at  one  or  more  positions  vertically 

above  the  surface  station.  Measurements  in  tall  building  on  a  floor- 
by-floor  basis  have  been  utilized  (a)  for  the  determination  of  the 
free— air  vertical  gradients  and  (b)  to  accurately  calibrate  gravime¬ 
ters  (6,7).  Portable  tower  structures  must  be  utilized  in  applica¬ 
tions  of  the  vertical  gradient  data  (c)  to  correct  field  gravity  data 
and  (d)  as  an  exploration  method  to  locate  anomalous  masses  and  struc¬ 
tures.  Attempts  to  make  practical  field  vertical  gravity  gradient 
measurements  have  met  with  considerable  difficulty.  The  problem  re¬ 
duces  to  a  trade-off  between  practical  field  implementation  (manage¬ 
able  tower  height) ,  greater  tower  height  (distance  between  measure¬ 
ment  stations)  to  decrease  the  probable  error  in  the  determination, 
and  the  need  to  approximate  the  true  gradient. 

Horizontal  gradient 

For  the  determination  of  horizontal  gradients,  the  situation 
is  much  simpler  since  virtually  any  horizontal  separation  between  mea¬ 
suring  stations  is  logistlcally  feasible.  The  main  consideration  now 
becomes  one  of  keeping  the  spacing  small  enough  to  adequately  define 
the  anomaly.  Another  consideration  is  the  need  to  define  the  direc¬ 
tion  of  the  maximum  horizontal  gradient.  This  can  be  accomplished  by 
double  track  profiling  or  by  measuring  at  three  locations  at  the  cor¬ 
ners  of  say  a  right  triangle  (13)  for  each  gradient  determination. 

For  geotechnical  applications ,  horizontal  separations  of  the  range  of 
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5  to  10  m  will  be  required,  and  this  data  will  conveniently  be  avail¬ 
able  routinely  in  microgravimetric  surveys. 

Relation  between  gradients  for 
two-dimensional  anomalous  structures 

While  two-dimensional  structures  do  not  exist  in  nature,  in 
many  cases  the  approximation  to  two-dimensional  conditions  is  very 
close.  Thus,  analytical  consideration  of  two-dimensional  structures 
(constant  cross  section  and  long  in  say  the  y-direction)  is  not  only 
convenient  but  useful  for  a  large  number  of  real  geologic  conditions. 
For  a  two-dimensional  anomalous  structure,  the  vertical  gradient 
gz  z(XjO)  and  horizontal  gradient  on  the  surface  are  re¬ 

lated  by  a  Hilbert  transform  (14) 


/ 


^(5.0) 


z,x 


5  -  X 


where  x  is  the  profile  point  and  the  integral  is  interpreted  in  the 
sense  of  its  Cauchy  principal  value.  This  relation  is  of  great  value, 
since,  if  it  proves  impractical  to  determine  either  of  the  gradients 
in  the  field,  one  of  the  gradients  can  be  calculated  from  the  other. 

A  computer  program  has  been  written  to  perform  the  Hilbert  transform 
for  discrete  data. 

RESULTS  OF  A  FIELD  STUDY  OF  GRAVITY  GRADIENT  TECHNIQUES 

There  has  been  much  speculation  on  the  feasibility  and 
utility  of  gravity  gradient  determinations.  However,  no  definitive 
study  has  been  reported.  The  study  reported  here  is  a  preliminary 
attempt  at  a  definitive  evaluation  of  gravity  gradient  techniques. 
Three  criteria  guided  the  selection  of  the  test  case:  (a)  the  anom¬ 
alous  structure  should  be  precisely  defined;  (b)  the  anomaly  both  in 
gz  and  the  gradients  should  be  large  (in  a  "microgravimetric  sense") 
and  should  have  a  relatively  short  wavelength;  and  (c)  the  structure 
should  approximate  two-dimensional  conditions.  These  criteria 
seemed  most  easily  satisfied  by  a  shallow  man-made  structure.  The 
structure  chosen  was  the  concrete-lined  drainage  channel  shown  in 
Figure  1.  Since  the  structure  is  at  the  surface,  the  gravity  anom¬ 
aly  is  large  and  has  a  short  wavelength.  Also,  since  the  channel 
extends  to  either  side  of  the  bridge  for  at  least  100  m  with  no  sig¬ 
nificant  change  in  cross  section,  the  structure  is  approximately  two- 
dimensional.  The  bridge  itself  is  the  only  major  non- two- dimensional 
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Figure  1.  Drainage  channel  structure  chosen 
for  microgravity  and  gravity  gradient  field 

tests 

aspect  of  the  site.  Pertinent  dimensions  are  given  in  the  diagram 
in  Figure  2,  which  will  also  be  the  basis  for  two-dimensional  model 

calculations.* 


Figure  2.  Location  of  drainage 
channel  along  profile  line  and 
dimensions  of  two-dimensional 
model.  Profile  line  direction 
is  N22°E 


The  survey  over  the  drainage  channel  consisted  of  16  sta— 
tions  over  a  55-m  line  perpendicular  to  the  channel,  with  the  approx¬ 
imate  center  of  the  channel  at  the  34-m  position.  At  each  station 
g,  measurements  were  made  at  the  ground  surface  and  at  a  nominal^  ^ 
elevation  of  1.3  m  vertically  above  the  ground  station.  No  elevation 


*  Two-dimensional  model  calculations  were  accomplished  using  A  com¬ 
puter  program  TALGRAD  which  utilizes  the  algorithm  of  Talwani  (15) 
to  compute  g,  profiles  due  to  an  arbitrary  number  of  polygonal 
cross-sectional  structures.  The  program  also  allows  for  the  com¬ 
putation  of  Agz/Az  and  along  the  profile  for  arbi- 

trarily  specified  Az  and  Ax  . 
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or  Bouguer  corrections  were  necessary  for  the  data  (no  elevation 
change) .  The  data  were  corrected  for  latitude  change  in  station  lo¬ 
cation  in  the  usual  manner  (16).  Linear  drift  corrections  were  ap¬ 
plied  to  the  data  utilizing  base  station  reoccupations,  and  the 
drift  curves  were  compared  to  theoretical  earth  tide  curves  calcu¬ 
lated  for  the  site  to  verify  consistent  gravimeter  performance. 


Results  of  the  two-dimensional  model  calculations  and  the 
observed  gravity  data  are  compared  in  Figure  3.  The  model  profile 
results  agree  closely  in  anomaly  amplitude  and  vjidth  with  the  ob¬ 
served  data,  with  the  major  deviation  being  the  approximately  70-ygal 
positive  anomaly  (relative  to  the  model  profile)  between  30  and  36  m. 

However,  this  is  precisely  where 
the  non-two-dimensional  aspects 


of  the  structure,  i.e.,  the  bridge 
pillars  and  beams,  should  make  a 
positive  contribution  to  the  ob¬ 
served  gravity  profile.  The 
maximum  positive  contribution  due 
to  the  pillar  beneath  the  pro¬ 
file  line  should  be  about  30  ygal, 
with  the  remainder  of  the  70-ygal 
anomaly  accounted  for  by  the 
other  pillar  and  the  bridge 
beams . 


Figure  3.  Gravity  profiles  across  .  difference  ap- 

the  drainage  channel  proximations  to  the  horizontal  and 

vertical  gradients  of  along 

the  profile  were  computed  for  the  two-dimensional  model  and  from  the 
observed  field  data.  Figures  4  and  5  present  the  horizontal  and  ver¬ 
tical  gradient  profiles,  respectively,  for  the  two-dimensional  model. 
For  the  horizontal  gradient  (Figure  4) ,  profile  values  were  computed 
for  Ax  =  3  m  and  Ax  =  10  m.  The  finite  difference  approximation 
Ag2/Ax  to  9g2/9x  should  become  better  as  Ax  decreases;  and 
clearly  the  horizontal  gradient  profile  for  Ax  =  3  m  is  sharper  and 
has  greater  amplitude  than  the  profile  for  Ax  =  10  m,  as  expected. 

The  vertical  gradient  profile  (Figure  5)  was  computed  for  Az 
=  1.3  m,  corresponding  to  the  nominal  value  used  for  the  field  mea¬ 
surements.  Note  that  the  four  corners  of  the  structure  are  fairly 
well  defined  in  Figure  5  by  the  vertical  gradient  profile. 


Horizontal  and  vertical  gradient  profiles  determined  from 
the  field  data  are  shown  in  Figures  6  and  7.  The  horizontal  gradient 
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Figure  6.  Horizontal  gradient 
profile  deduced  from  the  grav¬ 
ity  profile  over  the  drainage 
channel  (see  Figure  3) 
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values  are  shown  for  various  values  of  Ax  (corresponding  to  various 
possible  combinations  of  stations);  however,  the  dashed  line  connects 
points  for  Ax  =  10  m.  The  comparison  between  Figures  4  and  6  is 
quite  good  for  the  curves  for  Ax  =  10  m,  both  in  general  shape  and 
in  anomaly  amplitude  and  width.  Also,  the  general  trend  of  increas¬ 
ing  anomaly  amplitude  and  sharpness  with  decreasing  Ax  is  seen  in 
the  observed  data  in  Figure  6.  The  vertical  gradient  data  (Figure 
7)  are  very  erratic  and  only  with  a  great  amount  of  smoothing  and 
imagination  do  the  results  resemble  the  model  results  of  Figure  5. 
There  are  several  possible  reasons  for  the  erratic  nature  of  the 
vertical  gradient  data: 

a.  The  value  Az  w  1.3  m  is  too  small  for  the  vertical 
separation  between  measuring  stations  due  to  the  probable  error  in 
the  measurements,  i.e. ,  a  larger  Az  would  result  in  a  larger  Ag2 
and  hence  decrease  the  significance  of  the  probable  error. 

;b.  The  vertical  gradient  determination  is  more  strongly 
affected  by  the  non- two-dimensional  aspects  of  the  structure  than 
the  horizontal  gradient  determination. 

c.  The  vertical  gradient  is  known  to  be  strongly 
influenced’l)y  very  shallow  density  fluctuations,  so  a  preferable 
procedure  might  be  to  make  the  lower  g^  measurement  some  small 
distance,  say  0.2  m  or  so,  above  the  ground  surface. 

It  is  probable  that  the  two  large  positive  values  of  vertical  gradi¬ 
ent  between  30  and  35  m  are  due  to  the  bridge  pillars  and  beams. 

Calculation  of  vertical 

gradient  profile  from 

the  horizontal  gradient  profile 

Utilizing  the  horizontal  gradient  profile  for  the  two- 
dimensional  model  (Figure  4),  the  vertical  gradient  profile  shown  in 
Figure  8  was  computed  using  the  Hilbert  transform  relation  and  com¬ 
puter  program  discussed  earlier.  Except  for  the  sign  reversal 
(caused  by  assuming  the  z-axis  vertically  downward  for  the  two- 
dimensional  model  results) ,  the  vertical  gradient  profiles  in  Fig¬ 
ures  5  and  8  agree  qualitatively  very  well.  The  lower  amplitudes 
and  frequency  content  of  the  profile  computed  by  the  Hilbert  trans¬ 
form  are  not  unexpected;  however,  the  comparison  would  improve  if 
the  profile  itself  were  longer  and/or  a  smaller  Ax  were  used  for 
the  horizontal  gradient  profile. 

Similarily,  a  vertical  gradient  profile  (Figure  9)  was 
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Figure  8.  Vertical  gradient  profile  calculated  from 
horizontal  gradient  profile  for  the  two-dimensional 
model  by  the  Hilbert  transform 


H°{£^  /Ax)  *  DISCRETE  HILBERT 
TRANSFORM  OF 

Ag^/Ax  {OBSERVEDI 
Ax  “  10  m 

DATA  POINTS  EVERY  5in 
ALONG  PROFILE  LINE 


Figure  9^  Vertical  gradient  profile  calculated  from 
the  observed  horizontal  gradient  profile  over  the 
drainage  channel  by  the  Hilbert  transform  (x  =  0  is 
at  5  m  of  actual  survey  line) 
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computed  from  the  horizontal  gradient  profile  of  the  observed  data 
(Figure  6)  over  the  structure  using  the  Hilbert  transform.  Again, 
only  with  extreme  smoothing  is  there  even  qualitative  similarity 
between  the  observed  and  calculated  vertical  gradient  profiles  (Fig¬ 
ures  7  and  9,  respectively).  However,  the  profile  in  Figure  9  com¬ 
pares  qualitatively  quite  well  with  the  vertical  gradient  profiles 
in  Figures  4  and  6.  Thus,  the  procedure  of  determining  the  hori¬ 
zontal  gradient  profile  from  field  measurements  and  then  calculating 
the  vertical  gradient  profile  via  the  Hilbert  transform  appears 
very  promising. 


Utilization  of  gravity  gradients 

The  motivations  for  determining  gravity  gradients  have  been 
discussed  previously.  A  complete  discussion  of  the  possibilities  for 
utilization  of  gradient  data  for  subsurface  structural  delineation  is 
beyond  the  scope  of  this  paper  and  also  premature.  Thus,  the  con¬ 
cepts  under  consideration  will  only  be  briefly  covered. 

A  very  promising  technique- for  displaying  the  gradient  data 
is  a  gradient  space  plot,  i.e.,  g2,z  versus  gz^x  *  such  a 
space,  each  point  will  correspond  to  a  given  profile  position  or 
value  of  X  .  As  an  example,  the  gradient  profile  data  for  the  two- 
dimensional  model  (Figures  4  and  5)  result  in  the  gradient  space  plot 
in  Figure  10.  Corresponding  points  along  the  profile  and  the  plot 
are  indicated,  and  the  manner  in  which  the  geometry  of  the  structure 


Figure  10.  Gradient  space  plot 
for  two-dimensional  model  of 
drainage  channel 
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might  be  deduced  is  indicated. 

Another  promising  technique  involves  the  concept  of  the 
analytic  signal  along  the  profile,  defined  by  A(x)  =  gz,x(^) 

-  igz  z(x)  •  gradient  space  plot  is  just  a  complex 

plane'plot  of  the  components  of  A(x)  .  The  amplitude  of  A(x)  is 
defined  in  the  usual  manner,  a(x)  (a(x)1  =  (g^z^x  g^z,z)^'^  • 
Above  a  two-dimensional  structure  with  corners,  the  a(x)  will  be 
the  superposition  of  symmetrical,  bell-shaped  curves,  one  for  each 
of  the  corners.  The  properties  of  the  bell-shaped  curves  determine 
the  profile  position  and  depth  of  the  structural  corner  causing  the 
signal.  Thus,  the  decomposition  of  the  a(x)  signal  into  bell¬ 
shaped  curves  represents  in  principle  the  solution  of  the  structural 
problem. 

SUMMARY  AND  CONCLUSIONS 


Microgravimetry  has  been  successfully  applied  both  to  a 
natural  cavity  site  in  Florida  and  to  a  man-made  structure  to  delin¬ 
eate  smarll-scale,  shallow  subsurface  features.  The  horizontal 
gravity  gradient  profile  has  been  adequately  determined  from  a 
microgravimetric  survey  and  successfully  compared  with  the  results 
of  a  two-dimensional  model  study.  Measurement  of  the  vertical 
gradient  profile  with  a  relatively  short  tower  structure  (Az  =  1.3  m) 
was  not  as  successful.  However,  utilization  of  the  Hilbert  transform 
allows  the  vertical  gradient  profile  to  be  calculated  from  the 
horizontal  gradient  profile.  For  cases  in  which  the  assumption  of  a 
two-dimensional,  polygonal  cross-sectional  geometry  is  approximately 
valid,  use  of  the  gradient  profiles  permits  a  unique  structural 
interpretation. 

Future  work  in  this  research  effort  will  concentrate  on: 

(a)  Improved  field  procedures  for  microgravimetric  surveys;  (b)  con¬ 
tinued  attempts  to  determine  vertical  gradient  profiles  across  known 
structures  using  larger  values  of  Az  than  in  the  past;  (c)  further 
study  of  the  application  of  the  discrete  Hilbert  transform;  and  (d) 
in-depth  studies  of  interpretative  methods  using  the  gradient  data. 
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INTRODUCTION:  A  problem  of  considerable  interest  to  the  Army  is 
the  integrity  of  artillery  projectile  bodies.  The  Production  Base 
Modernization  Program  for  ammunition  production  calls  for  100$  testing 
of  projectile  bodies  at  high  speeds.  Traditional  methods  such  as  dye 
penetrant  and  magnetic  particle  inspection,  and  newer  techniques  such 
as  ultrasonics  and  flux  leakage  methods  are  used  to  inspect  items  for 
cracks  and  flaws .  All  these  methods  have  limitations  and  disadvan¬ 
tages  such  as  long  scan  times,  liquid  immersion,  and  identification  of 
non-structural  surface  defects. 

Optical  holography  and  the  various  forms  of  speckle  interfer¬ 
ometry,  being  sensitive  to  surface  displacement  or  strain,  tend  to 
show  only  defects  that  adversely  affect  the  strength  of  the  shell  wall, 
while  not  showing  •'cosmetic''  defects.  With  appropriate  configuration, 
the  entire  surface  of  a  shell  (360  )  can  be  viewed  and  an  easily 
interpretable  "picture"  readout  of  the  defects  can  be  provided. 

We  have,  in  the  past,  used  standard  double  exposure  holographic 
interferometry  to  inspect  M393  projectiles  and  M483  projectiles  (1). 
There  are  several  alternative  methods  to  conventional  holography  based 
on  the  phenomenon  of  laser  speckle.  Each  offers  advantages  such  as 
reduced  vibration  sensitivity  and  simplified  fringe  patterns,  but  have 
the  disadvantage  of  reduced  sensitivity  (2,3).  Among  the  most  promis¬ 
ing  of  these  methods  for  implementation  as  a  means  of  inspecting  pro¬ 
jectile  metal  parts  is  the  speckle  shearing  method  of  Hung  and 
Hovanesian  (4,5).  This  method  reveals  fringes  which  are  proportional 
to  surface  strains,  not  whole  body  motion.  The  method  has  seen  limited 
employment  in  the  testing  of  tires.  We  report  here  on  its  application 
to  the  testing  of  M483A1  projectile  bodies. 
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SPECKLE;  When  an  object  is  illuminated  by  a  beam  of  coherent 
light  such  as  a  laser  beam,  the  surface  of  the  illuminated  object  takes 
on  a  grainy  appearance  which  is  termed  speckle.  This  is  true  whether 
the  illuminated  beam  is  collimated  or  divergent  and  whether  it  origin¬ 
ates  directly  from  the  laser  or  has  been  reflected  from  a  specular 
surface  or  scattered  from  a  diffusing  surface.  The  grainy  appearance 
is  due  to  the  fact  that  most  surfaces  are  very  rough  when  considered  on 
the  scale  of  optical  wavelengths.  When  an  area  of  the  surface  is 
viewed  by  the  eye  or  any  other  optical  system  (camera,  vidicon,  etc.) 
the  amplitude  (and  its  square,  the  intensity)  at  a  given  point  is  a 
combination  of  the  light  coming  from  different  elementary  areas  of  the 
viewing  surface.  Because  of  the  roughness  of  the  viewing  surface  the 
light  waves  coming  from  different  areas  will  have  traveled  slightly 
different  distances,  i.e.,  their  optical  paths  will  differ  by  a  small 
number  of  wavelengths.  If  the  light  is  coherent,  there  will  be  both 
constructive  and  destructive  interference  at  the  image  plane  (i.e.,  in 
the  eye  or  camera)  and  a  collection  of  random  lighter  and  darker  areas 
will  manifest  itself.  This  is  speckle. 

When  an  object  being  viewed  is  displaced  laterally  (in  its  own 
plane),  the  speckle  pattern  on  the  image  plane  is  also  displaced  later¬ 
ally.  When  the  object  is  displaced  axially  (i.e.,  moved  closer  to  or 
further  from  the  imaging  device),  the  speckles  are  shifted  radially 
and  magnified,  and  also  gradually  suffer  a  decorrelation.  These  move¬ 
ments  of  speckle  patterns  may  be  utilized  to  determine  small  displace¬ 
ments,  deformations  and  strains  in  an  object  being  viewed  (6). 

Speckle  was  first  used  to  measure  strain  by  Leendertz  (2).  The 
speckle  strain  techniques  have  several  advantages  over  conventional 
double  exposure  holography:  (a)  Coherence  demands  are  less  stringent 
and  thus  the  illuminating  laser  can  often  be  run  with  multi-mode  out¬ 
put,  facilitizing  an  increase  in  illumination  levels  and  a  decrease  in 
necessary  exposure  time,  (b)  A  modified  conventional  camera  is  used 
with  its  rather  small  lens  aperture  in  contrast  to  conventional  holo¬ 
graphy  where  an  aperture  at  least  the  size  of  the  plate  to  be  exposed 
is  needed.  This  makes  it  easier  to  use  a  narrow  band  transmission 
filter  to  block  wavelengths  other  than  that  of  the  laser  and  thereby 
operate  in  ambient  light  rather  than  darkroom  conditions.  (c)  By 
varying  the  camera  aperture  the  speckle  size  can  be  varied  as  a  func¬ 
tion  of  the  required  resolution,  and  this  can  lead  to  the  adoption  of 
vidicon  viewing  and  real-time  applications. 

The  specific  technique  used  in  the  studies  discussed  below  uses  a 
speckle  interferometric  camera  developed  by  Hung  &  Liang  (7).  It  has 
additional  advantages:  (d)  The  reference  beam  is  split  off  at  the 
recording  device  (camera)  —  a  so-called  local  reference  beam  —  and 
this  reduces  the  vibration  isolation  demands  of  the  system  to  the  point 
where  some  work  can  be  done  on  a  standard  laboratory  table  as  opposed 
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to  the  vibration  isolation  tables  necessary  for  conventional  holog¬ 
raphy.  (e)  The  technique  gives  derivatives  of  surface  displacements 
directly,  rather  than  displacements  themselves,  and  these  derivatives, 
being  closely  related  to  strain,  reduce  computation  time  and  errors  if 
strain  is  the  parameter  of  interest.  In  this  technique  a  local  refer¬ 
ence  beam  is  created  by  using  a  wedge,  i.e.  a  small  angle  prism,  in 
front  of  half  of  the  camera  aperture.  This  results  in  a  sheared  image. 
Two  sheared  exposures  are  made,  one  before  and  one  after  the  test 
object  is  stressed. 

DESCRIPTION  OF  THE  EXPERIMENTAL  APPARATUS;  The  apparatus 
consists  of  a  laser-illuminated  object  of  interest,  and  a  camera  modi¬ 
fied  to  have  a  thin  glass  wedge  (i.e.,  a  small  angle  prism)  covering 
one-half  of  the  lens  aperture.  The  wedge  angle  is  a  parameter  in  the 
sensitivity  of  the  technique  and  normally  is  in  the  1  to  3  degree 
range. 

We  will  define  the  z-axis  to  be  the  optical  axis  and  choose  the 
x-axis  such  that  the  laser  lies  in  the  x-z  plane.  We  may  visualize 
this  as  the  camera,  object  and  laser  all  lying  in  a  horizontal  plane 
with  the  object  and  camera  defining  the  z-axis  and  the  x-axis  perpen¬ 
dicular  to  this.  The  y  axis  is  thus  vertical.  The  wedge  is  placed  so 
that  the  wedge  angle  is  in  the  x-z  plane.  Figure  1  is  a  schematic 
showing  the  arrangement  looking  down  from  above  (along  the  y-axis). 

OBJECT  LASER  RADIATION  WEDGE  LENS  IMAGE  PLANE 

x'+Sx’ ,y* 
x’,y'  • 


Y 

FIGURE  1 

Those  rays  passing  from  the  object  to  the  image  plane  of  the 
camera  which  do  not  pass  thru  the  wedge  will,  of  course,  produce  an 
image  of  the  object.  Those  rays  passing  thru  the  wedge  will  produce  an 
identical  image  of  the  object  but  displaced  slightly  ("sheared")  in 
the  x-direction.  A  developed  image  (single  exposure)  would  look  like  a 
double  exposure  with  the  object  moved  slightly  in  the  x  direction 
between  exposures.  However  in  reality,  the  doubled  image  is  made  at 
one  time  by  the  shearing  action  of  the  wedge,  and  thus  there  is  optical 
interference  between  the  two  parts  of  the  sheared  image.  Note  that 
this  effect  does  not  depend  on  collimation  of  the  beam. 
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FRINGE  FORMATION;  We  have  assumed  that  the  wedge  angle  is  in  the 
x-z  plane  and  thus  the  two  laterally  sheared  coherent  images  in  the 
film  plane  correspond  to  an  apparent  shift  of  the  object  by  6x.  (The 
following  analysis  would  hold,  however,  if  the  wedge  were  rotated  by 
90°  and  6y  were  substituted  for  fix.) 

Let  us  consider  two  points  on  the  object  at  x',  y*  and  at  x’  + 
fix*  ,  y*.  These  are  separated  by  the  amount  ^x*  on  the  object  and  are 
therefore  imaged,  in  the  absence  of  a  wedge,  on  the  film  at  x,  y  and  x  + 
fix,  y,  with  the  relationship  between  5x  and  5  x*  determined  by  the 
magnification  factor  M; 

M  =  fix'/  fix  =  D./D 
10 

where  is  the  image-lens  distance  and  D  is  the  object-lens  distance. 

Let  the  wavefront  of  the  unsheared  image  on  the  film  plane 
corresponding  to  the  object  point  x*,  y',  be; 

U.,(x,y)  =  A  exp  (i  e  ) 

1A  *'*  x,y  ^  x,y 

I  I  f 

and  that  corresponding  to  the  object  point  x  +  fix  ,  y  ,  be; 


U^g(x+  fix,y)  I 


A  „  exp(i  0  -  ) 

x+  fix,y  x+  fix,y' 


Here  A  is  the  amplitude  and  e  is  the  phase  of  the  wave. 

We  insert  a  small  angle  wedge  or  prism  close  to  the  lens  with 
wedge  angle  a  and  index  of  refraction  P  such  that  the  image  of  the 
point  x*  +fix',  y*  is  also  imaged  at  x,y  on  the  image  (film)  plane. 
Since  the  two  waves  are  coherent  and  will  interfere,  the  wavefront  at 
the  point  x,y  on  the  image  plane  is  now  the  sum  of  U..(x,y),  above, 
and; 

Uio(x,y)  =  A  .  exp{  i(e  .  +  2  TTY  x/  A  ) } 

IB  x+fix,y  ^  x+  fix,y  ' 

where  y  =  a(y-1)is  the  angle  of  light  deviation  due  to  the  prism 
(for  small  prism  angles)  (8).  The  factor  2  '"Y  x/A  enters  because  the 
wave  U.g  is  refracted  by  the  prism  thru  the  angle  y  and  is  thus 
inclinea  with  respect  to  U... 

We  will  assume  that  the  amplitude  A  is  indpendent  of  x  and  y  for 
simplicity  and  to  make  clear  the  phase  relationships.  We  then  have  the 
total  wavefront  (1st  exposure  only); 


U^(x,y)  =  U^^(x,y)  +  U^g(x,y) 

=  A  Texp  {  i  e  „  „}+  exp  {  i(  6 

A ,  y 


x+  fi  x,y 


+  2  IT  Y  x/  A  ) }) 
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Thus  the  intensity  on  the  film  due  to  the  first  exposure  is : 
=  U^U*  =  2A^  {  1  +  cos(  A9  +  2ir  y  x/X  )  } 


where  AO  =  0 


^  -  0 

x+6x,y  x,y 


Between  the  first  and  second  exposures  the  object  is  deformed. 
We  will  again  assume  equal  amplitudes  at  the  second  exposure.  There  is 
again  interference,  and  we  find  almost  the  same  intensity  after  defor¬ 
mation  except  for  a  small  change  due  to  the  change  of  relative  dis¬ 
placements  between  the  points.  This  causes  an  additional  small  phase 
change  e  ,  and  the  intensity  due  to  the  second  exposure  is; 

=  2A^  {  1  +  cos(A0  +  2TrYX/X  +  e)} 


The  two  exposures  are  made  at  different  times  and  there  can  be  no 
interference  between  the  wavefronts  which  produce  and  Thus  the 
total  Intensity  at  the  point  on  the  film  (image  plane)  that  we  are 
considering  is  just  the  sum  of  the  intensities  due  to  the  two  expo¬ 
sures: 

2 

I  =  =  2A  {  2  +  cos(A©+  2  Try  x/X)  +  cos(A0+  2iryx/X+  e)} 

=  4A^  {  1  +  cos(  A0+  2  TT  y  x/X  +  e/2)  .  cos  (  e 72)}  . 

(This  last  equality  is  merely  a  trigonometric  identity.)  Note  that  if 
there  is  no  deformation  (  e  =  0),  I  =  21^. 

FRINGE  VISIBILITY;  The  appearance  of  these  intensity  fringes 
depends  on  the  relative  magnitudes  of  the  arguments  of  the  cosine  terms 
in  the  preceeding  equations.  The  factor  describes  a  rapidly  vary¬ 
ing,  randomly  varying  component  which  accounts  for  the  observed  speck¬ 
le.  This  term  will  be  neglected  in  the  discussion  which  follows,  which 
is  designed  to  illustrate  the  types  of  fringes  encountered  and  will  not 
discuss  the  character  of  the  superimposed  speckle  which  is  present  in 
all  cases.  We  will  consider  only  the  other  two  factors,  Biryic/X  and  e. 
If  the  arguments  in  the  upper  equation  are  approximately  the  same, 
i.e.,  2Tryx/X  >>  c,  the  fringe  intensity  varies  as  indicated  in  figure 
2a.  If  the  arguments  in  the  upper  equation  are  very  different,  i.e., 
2r^/X  «  e,  the  fringe  intensity  varies  as  indicated  in  figure  2b.  In 
either  case,  the  eye  can  resolve  the  small  fringes,  we  see  rapid 
spatial  variation  of  intensity  with  superimposed  more  slowly  varying 
variations.  However,  if  the  resolution  of  the  eye  is  not  enough  to 
resolve  the  small  fringes,  we  see  only  a  local  average  of  the  inten¬ 
sity,  as  plotted  for  the  two  cases  in  figures  2c  and  2d. 
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Unfortunately,  it  is  the  representation  in  figure  2a  which  corres 
ponds  to  the  results  obtained  with  the  speckle  shearing  technique. 
These  fringes  may  be  thought  of  as  a  high  frequency  carrier  term 
modulated  by  a  low  frequency  amplitude  modulation.  Alternatively  we 
may  think  of  the  slowly  varying  envelope  as  moire  fringes  resulting 
from  superposition  of  two  finer  sets  of  fringes,  one  created  by  each 
exposure.  By  referring  to  the  second  equation  describing  the  inten¬ 
sity  variation,  we  can  see  that  the  slowly  varying  amplitude  modula¬ 
tion  is  due  to  the  cosine  (  e  /2 )  term  and  this  must  be  made  accessible 
to  analyze  the  deformation  which  leads  to  the  phase  change  e . 

The  necessary  demodulation  to  render  the  low  frequency  spatial 
variation  of  intensity  visible  to  the  eye  (or  vidicon)  may  be  accom¬ 
plished  by  an  optical  Fourier  transform  and  filtering  technique. 

The  apparatus  consists  of:  (a)  a  lens  to  perform  the  Fourier 
transform  from  the  spatial  domain  to  the  frequency  domain;  (b)  an 
opaque  stencil  for  filtering;  and  (c)  a  second  lens  to  re- transform  the 
image  back  from  the  frequency  domain  to  the  spatial  domain.  To  make 
the  process  clear,  we  will  consider  the  demodulation  of  the  light 
intensity  distribution  of  figure  2a. 

Figure  2e  is  the  sum  of  the  transforms  of  two  cosine  terms  and  a 
constant  term.  It  shows  the  Fourier  transform  of  the  spatial  light 
intensity  distribution  of  figure  and  is  thus  the  light  intensity  dis¬ 
tribution  at  the  focal  plane.  If  we  put  an  opaque  stencil  at  this 
plane  which  (1)  blocks  out  the  center  peak  (this  corresponds  to  a  low 
frequency  filter),  and  which  (2)  blocks  out  the  two  left  side  peaks, 
we  are  left  with  only  the  two  right  side  peaks.  When  we  retransform 
with  the  second  lens,  we  operate  only  on  the  intensity  distribution 
consisting  of  these  two  peaks  and  we  have  effectively  shifted  the 
origin  to  the  point  midway  between  them.  The  second  lens  thus  performs 
the  transform  of  the  intensity  distribution:  1/2  {  6(f  -  l/2ir)  +  fi(f 
+1/2Tr)  which  is  cos  x.  This  is  the  modulation  function  separated  from 
the  term  representing  the  carrier  frequency  in  the  original  intensity 
distribution: 

I  =  4  {1  +  cos(4lx)  ’  (cos  x)}. 

When  this  retransfOrmed  image  is  viewed  by  the  eye  or  a  vidicon,  the 
fringes  due  to  the  phase  changes  caused  by  the  relative  displacements 
between  points,  e,  are  visible.  It  remains  to  relate  these  to  the 
strain. 

RELATION  OF  FRINGES  TO  STRAIN:  Following  the  analysis  given  in 
Ref.  7,  we  consider  two  points  on  an  object  to  be  investigated:  P(x,y, 
z)  which  is  displaced  under  strain  to  P* (x+u,y+v,z+w) ,  and  P(x+fix,y,z) 
which  is  displaced  under  strain  to  P' (x+ 6x+u+6u,y+v+ 6v,z+w+ 5w) .We 
assume  a  laser  source  located  at  image  point  in  the 
camera  located  at  0(x^,y^,z^)  (figur%  T): 
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Let  us  consider  the  first  of  the  two  adjacent  points.  A  light  ray 
travels  from  S  to  P  to  0  before  deformation  and  from  S  to  P*  to  0  after 
deformation.  The  change  in  path  length: 

61  =  (SP'  +  P’O)  -(SP  +  PO) 
can  be  shown  to  be  (to  first  order): 


61  =  Au  +  Bv  +  Cw 

,  .  X  -  X  X  -  x_ 

where  A  =  — s — o  +  — = — s 


o  s 


„  z  -  z  z  -  z_ 
C  =  — = — 0  +  — = — ^s 


s 


„2  2  2  2 

R  =  X  +  y  +  z 
o  o  ■'o  .  o 


T,  2  2  2 

R  =  X  +  y  + 
s  s  s  s 
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Similarly  the  change  in  path  length  for  a  light  ray  which  travels  from 
the  laser  to  the  neighboring  point  to  the  camera  is: 

61 '  =  A(u+  6u)  +  B(v+  <Sv)  +  C(w+  5w) 


and  the  relative  path  change  between  the  two  points  is: 

r  =  A  6u  +  B  6v  +  C6w  =  (A  ®  lx  ^  6x^ 

The  relative  phase  change  is  then:  e  =  2  ir  r/ X 


If  5  X,  the  amount  of  shearing,  is  small,  we  may  approximately 
treat  these  small  shifts  as  partial  derivatives  and  rewrite  the  equa¬ 
tion  for  the  relative  phase  change: 


e 


2*^ 


<*ii 


B  ^ 
®  3x 


3w 

3x 


6  X 


The  modulated  intensity  variations  seen  on  the  reconstructed  image  are 
due  to  variations  of  e  •  We  see  here  that  e  is  a  function  of  the 
derivatives  of  the  displacements  in  the  shearing  direction. 

This  expression  for  e  is  valid  for  the  most  general  placement  of 
the  experimental  apparatus.  In  practice,  simplifying  assumptions  can 
be  made.  If  the  laser  source  and  the  camera  lie  in  the  x-z  plane  and 
the  camera  is  on  the  z-axis,  we  have  “  ^s  ”  addition, 
the  assumption  that  the  object  size  is  small  compared  with  z^  and  R^  is 
made,  we  have: 

As - s  =  -  sin  9 


C  =  -  (1  +  f-s)  =  -(1  +  cos  4>  ) 

n 

S 

Here  the  angle  (j)  is  the  angle  between  the  incident  -and  scattered  laser 
beam,  angle  SPO. 

With  suitable  reconstruction  then,  we  see  fringes  due  to  the 
strain  deformation  of  the  form: 

e  =  -  ^  {  (1  +  cos(|))||  +  (sin<f  )  |^  }  6x 

Similarly,  if  the  incident  laser  beam  is  in  the  y-z  plane  with 
the  shear  remaining  in  the  x  direction,  we  see  fringes: 

C  =  -  (d  .  003,)  1^  .  (sin*)  |i) 
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Finally,  by  analogy,  the  reconstructed  fringes  with  the  wedge 
rotated  90°  to  show  displacement  derivatives  in  the  y  direction  are  of 
the  forms: 

e  =  -  ■^  {  ( 1  +  cos  (j))^ ^  +  ( sin  <f>  ^6  y  and 

A  d  y  d  y 

e  =  -  •^  {  (1  +  cos(t>)  +  (sin  <l> )  }  Sy 

A  9  y  d  y 

The  strains  of  interest  are  conventionally: 

3  u 
■  9x 

9v 

^y  ""  9y 

9u  9v 

The  relations  between  these  and  the  displacement  derivatives  measured 
by  the  speckle  shearing  technique  are  readily  apparent.  If  the  in¬ 
plane  strains  themselves  are  needed,  they  may  be  deduced  by  using  two 
different  angles  of  laser  illumination,  and  <t>2,  and  solving  the 

linear  equation  for  the  strain  component  needed.  OuX-of-plane  strains 
may  be  easily  obtained  by  using  normal  illumination  (  =0),  which 

gives  9w/  3x  and  9  w/  9y  directly  depending  on  the  orientation  of  the 
shearing  wedge. 

EXPERIMENTAL:  The  shell  body  is 

placed  in  a  fixture  (figure  4)  which  seals 
the  open  ends  of  the  body  to  permit  stres¬ 
sing  by  pressure  and  also  provides  an  axi¬ 
al  load  by  means  of  a  nut  on  the  central 
post.  An  exposure  is  then  made  by  the 
method  outlined  in  the  theory  section, 
with  the  shell  at  atmospheric  pressure. 

The  shell  is  then  stressed  by  pressuriza¬ 
tion  with  nitrogen  (50-300  psi),  and  a  se¬ 
cond  exposure  made  on  the  same  plate.  The 
plate  is  then  developed  and  fixed  in  the 
normal  manner  and  viewed  in  the  image 
processor  described  above. 

The.  direction  of  image  shear  can 
be  at  any  angle  to  the  axis  of  the  shell, 
giving  a  set  of  fringes  which  are  a  map  of 
strains  in  the  direction  of  shear.  We 
produced  interferograms  of  all  shells 
both  with  the  shear  along  the  axis  of  the 
shell  (axial  shear),  and  at  right  angles 
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to  the  axis  (transverse  shear).  We  show  here  only  the  axially  sheared 
interferograms  as  these  show  the  defects  most  clearly.  Interferograms 
of  both  directions  of  shear  were  made  for  three  views  of  each  shell 
(120°  apart)  and  at  both  200  and  300  psi. 

Severe  problems  can  arise  due  to  specular  reflection.  In 
particular  exposure  times  are  increased  since  most  of  the  illumination 
is  reflected  specularly  rather  than  scattered.  Most  of  the  shell 
bodies  shown  here  were  painted  white  to  decrease  exposure  times  but 
this  is  not  necessary  if  care  is  taken  with  the  experimental  set-up. 

We  studied  sixteen  M483  projectile  bodies.  Four  of  these  have 
artificial  defects  induced  by  electrical  discharge  machining.  The 
remainder  of  the  shells  have  apparent  natural  defects  as  determined  by 
Magnaflux  texting. 

Figure  5a  shows  an  interferogram  of  a  good  shell  body  at  300  psi. 
This  is  for  reference  and  it  can  be  seen  that  the  fringes  are  rela¬ 
tively  few  and  smooth.  Figure  5b  is  an  interferogram  of  an  M483  with 
the  keyway  machined  in.  The  interferogram  shows  that  the  keyway  weak¬ 
ens  the  wall  considerably,  and  a  prominent  and  very  confusing  signa¬ 
ture  is  generated.  Finding  defects  in  this  area  has  proven  virtually 
impossible. 

The  speckle  shearing  interferograms  of  four  of  the  test  shells 
with  artifically  machined  defects  of  known  depth  are  shown  in  Figures 
6a  to  6d.  The  locations  are  pointed  out.  For  the  most  part  the  defect 
signatures  were  quite  dramatic  with  the  exception  of  the  .080”  inter¬ 
nal  defect  in  the  nose  of  one  test  shell  (figure  6d)  which  could  not  be 
seen  at  all,  even  at  300  psi. 

Figures  7a  to  7c  show  results  from  a  selection  of  the  shells  with 
apparent  natural  defects.  Figure  7a  shows  a  shell  with  a  split. 
Although  the  split  is  barely  visible  to  the  eye,  it  shows  as  a  definite 
series  of  discontinuities  in  the  fringe  patterns.  A  continuation  of 
this  split  appears  in  the  base.  Figure  7b  shows  a  shell  with  a  crack 
in  the  nose  and  Figure  7c  a  shell  with  a  crack  in  the  base.  The  "Vs” 
in  these  signatures  clearly  point  to  the  cracks. 

SUMMARY  AND  CONCLUSIONS;  A  total  of  sixteen  M483A1  projectile 
bodies  were  inspected  using  speckle  shearing  interferometry.  Four  had 
machined  defects  of  known  dimensions  and  the  balance  were  Magnaflux 
rejects.  Six  shells  were  determined  to  have  defects  detectable  by 
speckle  shearing  interferometry,  and  the  remaining  six  had  keyway  de¬ 
fects.  All  machined  defects  were  located,  with  the  sole  exception  of 
the  .080”  internal  defects  in  the  nose  of  one  test  shell  which  could 
not  be  seen  even  at  300  psi. 

All  other  defects  in  the  sample  could  be  seen  with  pressures  of 
no  more  than  200  psi.  Problems  encountered  included  specular  reflec¬ 
tions  which  could  be  minimized  by  careful  arrangement,  and  the  problem 
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a-  fio  defects 


fat-  key  way 


Figure  5 
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of  the  keyway  signature,  which  could  be  avoided  by  inspecting  before 
the  keyway  was  cut. 
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MECHANISM  OF  ACTION.  OF  RIBAVIRIN:  AN 
ANTIVIRAL  DRUG  OF  MILITARY  IMPORTANCE  (U) 


*PETER  G.  CANONICO,  PhD,  JAMES  S.  LITTLE,  CPT,  PhD, 
PETER  B.  JAHRLING,  PhD,  EDWARD  L.  STEPHEN,  MAJ,  VC 
U.S.  ARMY  MEDICAL  RESEARCH  INSTITUTE  OF  INFECTIOUS  DISEASES 
FORT  DETRICK,  FREDERICK,  MARYLAND  21701 


Ribavirin  (l-B-D-ribofuranosyl-l,2,4-triazole-3-carboxamide)  is 
a  nucleoside  analogue  having  broad  spectrum  antiviral  activity  against 
both  DNA  and  RNA  viruses  (18).  A  variety  of  specific  effects  on  host 
cell  metabolism  have  been  attributed  to  ribavirin  or  its  metabolites. 
For  example,  ribavirin  is  reported  to  be  a  strong  inhibitor  of  thymi¬ 
dine  phosphorylation  (6)  and  its  5 '-monophosphate  derivative  (RMP)  is 
a  potent  competitive  inhibitor  of  inosine-5' -phosphate  dehydrogenase 
(19).  Ribavirin  is  also  reported  to  decrease  DNA,  RNA  and  protein 
synthesis  and  reduce  the  size  of  the  cellular  guanosine-5 '-triphos¬ 
phate  pool  (5,12). 

Numerous  other  reports,  however,  contradict  many  of  the  alleged 
cellular  effects  of  ribavirin  (2,14,15,17).  As  a  result,  the  pharma¬ 
cological  mechanism  of  action  of  ribavirin  remains  obscure.  It  is  not 
yet  clear  whether  this  compound  is  specifically  antiviral  or  whether 
it  Inhibits  virus  replication  as  a  result  of  its  effects  on  host  cel¬ 
lular  metabolism. 

The  study  reported  here  attempts  to  clarify  the  mode  and  specifi¬ 
city  of  action  of  ribavirin.  We  have  examined  its  effects  on  cellular 
metabolism  and  on  the  replication  of  Venezuelan  equine  encephalomyeli¬ 
tis  virus  (VEE)  grown  in  BHK-21  cells . 

MATERIALS  AND  METHODS 

Virus  Stock  and  Plaque  Assay :  The  live  attenuated  VEE  vaccine, 
strain  TC-83,  was“^tained  in  the  lyophilized  state  from  Merrill-Na¬ 
tional  Laboratories  (lot  4,  run  2).  It  was  reconstituted  with  1.2  ml 
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of  sterile  water,  and  passaged  once  in  primary  duck  embryo  cell  cul¬ 
tures  (DEC),  concentrated,  and  purified  by  rate  zonal  centrifugation 
in  10  to  30%  sucrose  gradients,  as  described  previously  (1).  Infec¬ 
tious  virus  was  titrated  by  counting  plaque  forming  units  (pfu)  in  DEC 
monolayers  grown  in  10-cm^  plastic  plates,  and  maintained  in  a  humidi¬ 
fied  atmosphere  with  5%  CO2  under  medium  containing  1%  agarose,  as 
described  previously  (9). 

Cell  Line  and  Infection;  Baby  hamster  kidney  cells  (BHK-21, 
clone  13)  were  obtained  from  the  American  Type  Culture  Collection,  and 
used  at  passage  levels  varying  between  55  and  70.  To  infect  cells, 
concentrated  TC-83  virus  was  diluted  in  Hanks’  balanced  salt  solution 
(HBSS)  to  achieve  a  multiplicity  of  inoculum  of  2  to  5  pfu  per  cell. 
Volumes  of  0.2  ml  and  10  ml  were  adsorbed  for  1  hr  at  36C  to  cell 
monolayers  grown  in  6-well  plates  or  roller  bottles,  respectively. 
Following  adsorption,  the  inoculum  virus  was  removed  by  aspiration  and 
replaced  with  various  maintenance  media  as  detailed  below. 

Incorporation  of  Labeled  Precursors:  BHK-21  cells  were  grown  in 
BHK-21  medium  (Flow  Labs,  Hamden,  CT)  with  10%  fetal  calf  serum  (FCS) 
to  80  to  90%  confluency  in  4-well  plastic  tissue  culture  plates.  Im¬ 
mediately  following  infection,  both  Infected  and  control  cultures  were 
treated  with  varying  concentrations  of  ribavirin  for  5  h  at  37C  and 
examined  for  their  ability  to  incorporate  labeled  precursors  into  TCA- 
soluble  and  -insoluble  pools. 

Labeling  of  RNA  and  protein  was  accomplished  by  incubating  cell 
cultures  in  serum-free  medium  containing  1  yCi/ml  of  [^Hjuridine  or 
[3h] leucine,  respectively,  for  30  min.  Cultures  were  then  washed  3 
times  with  ice-cold  HBSS  and  the  radioactive  content  of  TCA-soluble 
and  “insoluble  pools  determined  by  scintillation  spectrometry  as  de¬ 
scribed  by  Minor  and  Dimmock  (11). 

RNA  Synthesis  in  Permeable  Cells ;  BHK-21  cells  were  made  perme¬ 
able  by  treatment  with  lysolecithin  at  4C.  This  procedure  as  well  as 
the  assay  for  [^Hjuridine  5 ’-triphosphate  incorporation  into  acid-in- 
soluble  products  of  permeable  cells  followed  previously  published 
methods  (3,4). 

Isolation  of  RNA;  For  the  preparation  of  RNA,  roller  bottle  cul¬ 
tures  of  infected  and  control  cells  were  incubated  in  the  presence  of 
varying  concentrations  of  ribavirin  in  BHK-21  media  containing  2%  fe¬ 
tal  calf  serum  and  10  yCi/ml  of  tritiated  uridine  or  guanosine.  After 
5  h,  the  cells  were  harvested,  washed  free  of  medium,  resuspended  at 
4C  in  10  mM  Tris,  10  mM  NaCl  and  1.5  mM  MgCl2,  pH  7.3  (TNM  buffer)  and 
disrupted  by  several  freeze-thaw  cycles.  Cellular  homogenates  were 
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centrifuged  (1400  g  for  5  min)  and  the  nuclear  pellet  washed  with  TNM 
containing  1%  Nonidet  P-40  and  0.5%  deoxycholate.  Supernatants  were 
combined  and  adjusted  to  final  concentrations  of  10  inM  EDTA,  14  sodi¬ 
um  dodecylsulfate  (SDS)  and  0.4  N  sodium  acetate  (pH  5.2)  then  ex¬ 
tracted  twice  with  a  mixture  of  50%  phenol,  49%  chloroform  and  1/.  iso- 
amyl  alcohol.  The  resulting  organic  phase  and  cake  were  re-extracted 
first  with  equal  volumes  of  0.1  M  Tris  (pH  9.0)  in  0.5%  SDS,  then  with 
0  1  M  Tris  (pH  9.0).  The  alkaline  extracts  were  combined  with  previ¬ 
ous  aqueous  extracts  and  the  RNA  precipitated  overnight  at  -20C  with  2 
volumes  of  ethanol.  The  precipitate  was  washed  twice  with  ethanol  and 
dried  in  vacuo. 


For  the  mRNA  isolation,  RNA  was  dissolved  in  binding  buffer  con¬ 
sisting  of  10  mM  Tris  (pH  7.4),  0.5  M  NaCl  and  0.02%  SDS  and  applied 
to  0.5  g  of  ollgo-dT)  cellulose  in  a  disposable  column,  then  washed 
with  10  ml  of  binding  buffer.  Messenger  RNA  was  eluted  with  0.05%  SDS 
in  10  mM  Tris  (pH  7.4),  precipitated  with  2  volumes  of  ethanol,  reco¬ 
vered  by  centrifugation  at  100,000  ^  for  1  h  and  dried  under  vacuum. 

In  some  experiments,  actinomycin  D  (1  yg/ml)  and  [^Hluridine  were 
added  to  cell  cultures  3.5  and  4  h,  respectively,  after  addition  of 
ribavirin.  RNA  was  Isolated  after  a  2-h  incubation. 


Polyacrylamide  Gel  Electrophoresis  (PAGE) ;  One  hundred-cm  2.5%^ 
bis-acrylamide  cross-linked  gels  were  prepared  as  previously  reported 
(1) .  The  gels  were  prerun  at  5  mA/tube  and  electrophoresed  for  2  to 
2  5  h.  The  RNA  sample  was  suspended  in  120  mM  Tris,  60  mM  sodium  ace 
tate,  3  mM  EDTA  (pH  7.4)  plus  10%  glycerol  and  0.1%  bromophenol  blue. 
Following  electrophoresis,  gels  were  sliced  into  1-mm  fractions  and 
incubated  for  18  h  at  37C  with  3%  Protosol  in  10  ml  of  Econofluor  (New 
England  Nuclear)  in  tightly  capped  vials,  then  counted  for  radioacti 

vity. 


Analysis  of  5 '-Ends  of  mRNA;  [3H]Guanosine-labeled  mRNA  was  dis- 
solved  in  0.05  M  sodium  acetate  buffer  (pH  4.5)  and  incubated  for  15  h 
at  37C  with  2  to  5  units  of  ribonuclease  T2.  The  resulting  hydroly¬ 
sate  was  subjected  to  DEAE-cellulose  chromatography  as  described  by 
Groner  and  Hurwitz  (8). 


Cell-Free  Protein  Synthesis;  A  commercial  transition  assay  pro 
vided  by  New  England  Nuclear,  Boston,  MA,  was  used.  The  assay  em¬ 
ployed  reticulocyte  lysate  and  measured  incorporation  of  [  HJ leucine. 

Reagents;  RNAse  T2  was  obtained  from  Sankyo  Co. ,  Japan. 

Oligo-(dT)  cellulose  type  T-3  was  bought  from  Collaborative  Research, 
Waltham,  MA.  Reagents  for  casting  of  acrylamide  gels  were  purchased 
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from  Bio-Rad,  Richmond,  CA.  [5-3r] Uridine,  [5-3H]uridine  5’-triphos- 
phate,  [8-3H]guanosine  and  [3,4,5-3H]leucine  were  purchased  from  New 
England  Nuclear.  Ribavirin  and  its  mono-  (RMP) ,  di-  (RDP),  and  tri- 
(RTP)  phosphorylated  derivatives  were  a  gift  of  ICN  Pharmaceuticals, 
Irvine,  CA.  Cap  standards  were  obtained  from  P.  L.  Biochemicals,  Mil¬ 
waukee,  WI.  All  other  biochemicals  were  purchased  from  Sigma,  St. 
Louis,  MO. 

RESULTS 

Virus  Replication;  Replication  of  VEE  in  BHK-21  cells  occurs  ra¬ 
pidly  and  results  in  a  3-log  Increase  in  virions  within  5  h  after  in¬ 
fection  (Table  1).  This  increase  is  inhibited  by  ribavirin  at  concen¬ 
trations  as  low  as  10  yg/ml  by  more  than  99%  when  compared  to  non- 
treated  infected  cultures.  Ribavirin,  however,  does  not  completely 
inhibit  VEE  virus  replication.  Rather  it  appears  to  reduce  the  rate 
of  virus  production  as  evidenced  by  the  increase  in  virus  titers  fol¬ 
lowing  longer-term  incubation  of  ribavirin  treated  infected  cells. 

Table  1.  Effect  of  Ribavirin  on  VEE  Virus  Replication  in  BHK-21  Cells 
Cells  were  infected  with  2  pfu  per  cell  at  37C  for  1  h  then 
incubated  in  BHK-21  medium  with  10%  PCS  containing  appropri¬ 
ate  concentrations  of  ribavirin.  Titers  represent  pfu/ml  of 
supernatant  culture  fluid  expressed  as  log  of  the  reciprocal 
of  the  dilution  at  the  endpoint  of  titration. 


Logic  PFU/ml 

Ribavirin  - - — - 

(yg/ml)  Hours  after  virus  adsorption 
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RNA  Synthesis;  The  effect  of  ribavirin  on  uridine  uptake  and  in¬ 
corporation  into  acid-soluble  material  was  assessed  in  control  and  vi¬ 
rus-infected  cells  (Figure  1).  Ribavirin  inhibits  uridine  incorpora¬ 
tion  by  more  than  80%  at  a  dose  of  8  yg/ml.  However,  ribavirin  also 
causes  a  parallel  decrease  in  the  uptake  of  uridine  into  the  soluble 
cellular  pool.  Hence,  the  inhibition  of  RNA  synthesis  may  be  an  arti- 
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fact  resulting  from  a  decrease  in  the  specific  acitivity  of  [3h] uridine 
in  the  soluble  cellular  pool  of  ribavirin-treated  cells.  RNA  synthesis 


CONTROL  ^  INFECTED 


0+ - 1 - 1 - 1 - H - 1 - 1 - r- - 1 

0  8  16  24  32  0  8  16  24  32 


RIBAVIRIN 

Figure  1.  Effect  of  Ribavirin  on  Uptake  and  Incorporation 
of  [3H]Uridine  in  Control  and  Infected  BHK-21  cells^  Results 
are  expressed  as  a  percentage  of  the  uptake  or  incorporation 
of  [3h] uridine  found  for  uninfected,  untreated  (control) 
cells.  Each  point  represents  the  mean  value  obtained  from 
three  replicate  measurements. 


was  also  assessed  in  infected  cells  made  permeable  to  low  molecular 
weight  charged  molecules  by  pretreatment  with  lysoleclthln.  These 
cells  incorporated  [3h]UTP  into  TCA-insoluble  products  at  a  linear 
rate  for  at  least  15  min.  The  amount  of  [3h]UTP  Incorporation,  in  the 
presence  of  actinomycin  D  at  1  pg/ml,  was  not  altered  by  ribavirin  or 
its  phosphorylated  derivatives  (Figure  2).  These  data  suggest  that 
neither  ribavirin  nor  its  phosphorylated  metabolites  inhibit  the  syn¬ 
thesis  of  mRNA  in  virus-infected  cells. 


Figure  2 .  Effect  of  Ribavirin  and  Phosphorylated  Deriva¬ 
tives  on  [3h]UTP  Incorporation  in  Permeable  VEE-infected 
BHK-21  Cells.  Cells  were  made  permeable  5  h  after  infec- 
t-ion  for  [3h]UTP  incorporation.  Permeable  cells  were  in¬ 
cubated  for  12  min  in  the  presence  of  1  yg/ml  of  actino¬ 
mycin  D  and  100  yg/ml  of  phosphate  derivatives.  Results 
are  expressed  as  a  percentage  of  the  incorporation  found 
in  the  absence  of  drug. 
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The  effects  of  ribavirin  treatment  on  synthesis  of  specific  mRNA 
was  also  studied.  In  the  first  series  of  experiments,  RNA  was  labeled 
with  [3h] uridine  for  the  first  5  h  following  virus  adsorption  in  the 
presence  of  0-200  pg/ml  of  ribavirin.  PAGE  subfractionation  of  oligo- 
(dT)  cellulose  binding  RNA  revealed  a  viral  specific  42S  mRNA  at  a 
relative  migration  of  0.1  and  accounted  for  about  10  to  11%  of  the  to¬ 
tal  mRNA  isolated  (Figure  3).  Treatment  of  infected  and  control  cul¬ 
tures  with  up  to  300  yg/ml  of  ribavirin  did  not  alter  the  quantity  and 
size  distribution  of  the  recovered  mRNA. 


FRACTIONAL  MIGRATION  DISTANCE 


Figure  3 .  Polyacrylamide  Gel  Electrophoresis  of  mRNA. 

Infected  and  control  cells  were  labeled  with  [3h] uridine 
for  5  h;  then  mRNA  was  Isolated  by  binding  to  ollgo-(dT) 
cellulose  as  described  in  Materials  and  Methods. 

In  other  experiments,  cells  were  treated  with  1  yg/ml  of  actlno- 
mycin  D  3.5  h  after  Infection.  Thirty  minutes  later,  [3H]urldlne  was 
added  for  2  h,  labeled  with  [3H]urldine  at  hour  4  to  6.  Electrophore¬ 
tic  analysis  of  mRNA  in  these  cells  showed  two  mRNA  peaks  representing 
42S  and  26s  species.  Treatment  of  Infected  cells  with  100  yg/ml  of 
ribavirin  initiated  4  h  prior  to  labeling  did  not  later  production  of 
either  mRNA  species  (Figure  4). 

Effects  on  Protein  S3mthesis :  Ribavirin  at  concentrations  up  to 
32  yg/ml,  inhibited  protein  synthesis  by  50  to  60%,  as  measured  by  the 
incorporation  of  [3H]leucine  into  acid-soluble  products  of  control  and 
infected  cells.  Furthermore,  this  reduction  in  leucine  incorporation 
occurred  in  the  presence  of  nearly  constant  levels  in  the  soluble  cel¬ 
lular  pool  of  [3H]leucine  (Figure  5). 

The  capacity  of  mRNA  from  ribavirin-treated  and  untreated  virus- 
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infected  cells  to  direct  the  synthesis  of  proteins  in  an  ^  vitro 
cell-free  translation  system  was  evaluated  in  order  to  determine  the 
mechanism  for  the  inhibition  of  protein  synthesis.  Messenger  RNA  from 


FRACTIONAL  MIGRATION  DISTANCE 

Figure  4.  Polyacrylamide  Gel  Electrophoresis  of  RNA.  In¬ 
fected  cells  were  pulse-labeled  with  [3h] uridine  for  2  h 
in  the  presence  of  actinomycin  D  (1  yg/ml)  as  described 
in  Materials  and  Methods. 


Figure  5.  Effect  of  Ribavirin  on  Uptake  and  Incorporation 
of  [3H]Leucine  in  Control  and  Infected  BHK-2  Cells.  Re¬ 
sults  are  expressed  as  a  percentage  of  the  uptake  or  in¬ 
corporation  of  [3h] leucine  found  for  untreated,  uninfected 
(control)  cells.  Each  point  represents  the  mean  value  ob¬ 
tained  from  three  replicate  experiments. 

infected  cells  treated  with  100  yg/ml  of  ribavirin  for  5  h  was  no  more 
than  30%  as  effective  as  mRNA  from  untreated  infected  cells  in  its 
ability  to  direct  the  incorporation  of  labeled  leucine  into  acid  in¬ 
soluble  material  (Figure  6). 

Effect  of  Ribavirin  on  mRNA  Cap  Structure;  Resulting  chromato¬ 
graphs  of  [3h] guano sine-labeled  mRNA  digests  are  shown  in  Figure  7.  A 
radioactive  peak  corresponding  to  the  elution  profile  of  a  cap  standard 
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was  found  in  all  chromatographs  of  mRNA  digests  from  both  control  and 
infected  cells.  The  magnitude  of  this  peak  decreased  3-  to  10-fold  in 
mRNA  preparations  from  cells  treated  with  ribavirin  at  concentrations 
of  50  to  300  pg/ml. 


Figure  6 .  In  Vitro  Translation  of  mRNA  in  a  Reticulocyte 
System.  Incorporation  o^[^H] leucine  into  TCA- insoluble 
products  was  measured  using  oligo-(dT)  cellulose  binding 
RNA  from  infected  cells  treated  for  5  h  with  or  without 
ribavirin. 


Figure  7 .  DEAE-Cellulose  Chromatography  of  mRNA  Hydro-- 
lysates.  [3h] Guano sine-labeled  nucleotides  released  by 
RNase  T2  digestion  of  oligo-(dT)  cellulose  binding  RNA. 
The  insets  in  each  panel  represent  a  1000-fold  expansion 
of  the  ordinate  of  the  corresponding  chromatographs. 

The  elution  peak  of  a  cap  standard  is  indicated  by  an 
arrow. 
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DISCUSSION 

Uridine  incorporation  has  been  used  to  assess  the  effect  of  riba¬ 
virin  on  RNA  synthesis  (2,16).  Such  studies  have  led  to  the  proposal 
that  ribavirin  inhibits  RNA  synthesis.  Our  current  finding,  that  the 
uptake  of  uridine  by  BHK-21  cells  is  inhibited  by  ribavirin,  raised 
the  possibility  that  the  apparent  inhibition  of  RNA  synthesis  by  ri¬ 
bavirin  is  an  artifact  resulting  from  a  decrease  in  the  specific  acti¬ 
vity  of  isotopic  labeling.  The  experiment  with  permeable  cells,  in 
fact,  demonstrates  that  ribavirin  does  not  affect  actinomycin  D-insen- 
sitive  RNA  synthesis  in  BHK-21  cells.  Furthermore,  the  quantity  of 
mRNA  isolated  by  oligo-(dT)  cellulose  binding  showed  that  ribavirin 
has  little  if  any  effect  on  the  total  amount  of  mRNA  in  either  control 
or  virus-infected  cells. 

The  inhibition  of  protein  synthesis  in  both  control  and  Infected 
cells  exposed  to  varying  concentrations  of  ribavirin  cannot  be  ex¬ 
plained  by  reduced  levels  of  mRNA  in  these  cells.  The  inefficiency  in 
translation  of  mRNA  from  ribavirin-treated  cells  suggests  that  treat¬ 
ment  with  ribavirin  results  in  synthesis  of  altered  mRNA. 

Recently,  vitro  studies  by  Goswami  £t  (7)  showed  that  ri¬ 
bavirin  triphosphate  is  a  potent  competitive  inhibitor  of  the  capping 
guanylatlon  of  viral  mRNA.  This  posttranscriptional  modification  re¬ 
sults  in  a  7-methylguanosine  residue  linked  from  its  5'  position  via  a 
triphosphate  bridge  to  a  2'-0-methylribonucleotide  of  the  5 '-terminal 
of  a  large  number  of  viral  and  eukaryotic  mRNA.  The  5'— terminal  7— 
met hylguano sine  in  mRNA  is  required  for  efficient  translation  (13). 

The  present  data  show  that  ribavirin  also  inhibits  the  formation  of 
the  5'-guanoslne  triphosphate  cap  on  mRNA  from  normal  and  virus-infec¬ 
ted  BHK-21  cells.  Interference  with  the  proper  formation  of  the  5'- 
cap  of  mRNA  by  ribavirin  could  lead  to  accumulation  of  mRNA  in  cells 
which  are,  as  observed,  less  efficient  in  protein  synthesis. 

The  cap  structure  analysis  was  performed  on  digests  of  mRNA  la¬ 
beled  with  guanosine  for  5  h  following  virus  adsorption  and  addition 
of  varying  concentrations  of  ribavirin.  This  was  done  in  order  to  ob¬ 
tain  the  largest  representation  of  mRNA  species  which  may  have  contri¬ 
buted  to  the  impairment  of  protein  synthesis  in  ribavirin-treated  in¬ 
fected  cells.  Under  these  conditions  about  90%  of  the  radiolabeled 
oligo-(dT)  binding  RNA  from  infected  cells  is  of  host  cell  origin. 
Hence,  host  cellular  mRNA  must  be  largely  responsible  for  the  3-  to 
10-fold  reduction  in  cap  formation  of  virus-infected  cells.  It  is 
clear  that  ribavirin's  effect  on  cap  formation  is  nonspecific  and 
leads  to  inhibition  of  both  cellular  and  viral  protein  synthesis. 
Consistent  with  previous  observations,  ribavirin  can  be  expected. 
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therefore,  to  interfere  with  virus  as  well  as  cellular  growth  C16)* 

Although  Goswami  e^  al .  (7)  proposed  that  inhibition  of  cap  forma¬ 
tion  may  account  for  ribavirin’s  antiviral  potency  against  DNA  and  RNA 
viruses,  it  is  unclear  to  what  extent  other  mechanisms  may  play  a  role. 
It  is  apparent  that  ribavirin  exerts  a  myriad  of  effects  on  cellular 
metabolism  and  it  is  conceivable  that  its  antiviral  effects  may  be,  in 
fact,  expressed  through  an  interaction  of  multiple  mechanisms. 
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DEPARTMENT  OF  GEOGRAPHY  AND  COMPUTER  SCIENCE 
UNITED  STATES  MILITARY  ACADEMY 
WEST  POINT,  NEW  YORK  10996 

I.  INTRODUCTION 
General 

Computer  Graphics  for  the  Army,  as  described  in  this  paper,  are 
the  products  of  a  trilateral  cooperative  research  project  involving 
the  U.S.  Military  Academy,  West  Point,  New  York,  the  Defense  Mapping 
Agency  (DMA),  Washington ,  D . C . ,  and  the  U.S.  Army  Engineer  Topographic 
Laboratories  (ETL),  Fort  Belvoir,  Virginia.  Many  other  such  research 
efforts  are  underway  throughout  the  Department  of  Defense.  The  Intent 
of  this  paper  is  to  focus  on  the  work  done  at  West  Point  during  the 
past  2-1/2  years.  This  project  is  referred  to  as  the  DMA/ETL  Research 
Project. 


The  West  Point  Computer  Graphics  Laboratory  (CGL) 

This  facility,  located  in  the  Department  of  Geography  and 
Computer  Science,  has  been  in  full  operation  for  the  past  two  academic 
years.  It  provides  an  excellent  "state  of  the  art"  environment  for 
individual  cadet  and  faculty  projects  as  well  as  for  funded  research 
efforts  in  computer  graphics.  The  hardware  configuration  combines  the 
power  of  the  Academy's  main  frame  computer  (UNIV AC-1 100/12)  with  the 
responsiveness  of  a  minicomputer  (PDP-11/40)  and  the  dedication  of  a 
number  of  different  microprocessors  (AM-100,  LSI-11,  IMSAI-8080  and 
others).  The  PDP-11/40  is  currently  being  replaced  by  a  VAX-1 1/780 
minicomputer.  The  portion  of  the  laboratory  most  directly  related  to 
the  work  on  this  project  is  shown  in  figure  1 . 
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FIGURE  1.  Computer  Graphics  Laboratory  Equipment  Supporting  DMA/ETL  Research  Project. 
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II .  THE  DMA/ETL  RESEARCH  PROJECT 
Objectives 

1)  Receive  experimental  graphics  software  packages  from  the 
ETL  and  make  all  modifications  to  bring  these  programs  to  a  totally 
operational  status  at  West  Point. 

2)  Receive  a  DMA  special  data  base  of  West  Point  and  vicinity 
and  transform  it  to  a  disk  resident  file  in  the  CGL  which  can  be 
efficiently  accessed  by  the  ETL  software. 

3)  Link  the  software  (1)  apd  the  data  base  (2)  to  develop 
computer-generated  views  and  overlays  of  the  West  Point  Military 
Reservation.  Included  within  the  area  of  coverage  is  Camp  Buckner, 
the  cadet  field  training  area  located  approximately  10  miles  west  of 
the  U.S.  Military  Academy. 

4)  Conduct  an  accuracy  study  of  the  West  Point  digital  data 
base  to  include  a  ground  truth  survey  of  a  portion  of  the  digitized 
area.  The  goal  of  this  study  is  to  determine  the  minimum  essential 
data  accuracy  for  various  Army  applications. 

5)  Incorporate  computer-generated  graphics  into  the  cadet 
field  training  program  during  the  summer  months  and  into  the  academic 
curriculum  as  appropriate. 

6)  Evaluate  the  military  utility  of  these  graphics  and  report 
on  all  findings. 

Status 

Substantial  progress  has  been  achieved  in  the  generation  of 
four  basic  graphic  products.  These  include  the  line  of  sight  profile, 
line  perspective  view,  line  oblique  view  and  shaded  perspective  view. 
The  ability  to  generate  these  graphics  is  not  a  new  concept.  The 
significance  of  the  research  at  West  Point  is  that  the  generation  of 
these  graphics  has  been  tailored  for  Army  needs.  The  next  chapter 
will  provide  a  look  at  each  of  these  four  packages  with  a  focus  on  the 
final  product,  the  user's  prompts  and  on  major  software  modifications. 

Progress  has  also  been  accomplished  on  the  accuracy  study  and 
on  the  objective  to  implement  this  technology  into  the  cadet  field 
training  program.  The  results  of  this  work  are  described  in  Chapters 
IV  and  V  respectively. 
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III,  APPLICATIONS  SOFTWARE 
General 

The  software  packages  used  in  support  of  the  DMA/ETL  research 
project  were  developed  in  the  Automated  Cartography  Branch,  U.S,  Army 
Engineer  Topographic  Laboratories.  This  branch  is  headed  by  Mr. 
Howard  Carr.  The  developer  of  the  basic  concepts  and  programs  was  Mr. 
James  Jancaitis.’- 


Line  Of  Sight  Profiles 

Although  clearly  the  simplest  of  the  four  programs,  the  ability 
to  generate  a  profile  between  any  two  points,  in  less  than  two 
minutes,  is  a  valuable  tool  for  the  soldier.  In  fact  hand  generation 
of  these  profiles,  which  could  take  20-30  minutes,  is  often 
necessary. 

As  seen  by  the  prompts  in  figure  2,  the  user  input  parameters 
are  minimal.  The  resulting  product  (fig.  3)  is  a  cross-sectional  view 
of  the  intervening  terrain.  The  accuracy  and  speed  of  this  plot 
varies  as  a  function  of  the  number  of  points  sampled. 

Changes  to  this  software  included  modifications  of  all 
interactive  prompts,  overlaying  the  task  to  permit  either  TEKTRONIX 
screen  (CRT)  or  CALCOMP  plotter  output  and  the  implementation  of 
SUBROUTINE  CARTO  which  opens  the  user-specified  unformatted  random 
access  data  files.  Upon  receipt  of  a  new  data  base,  the  user  need 
only  add  the  name  and  characteristics  of  that  data  base  to  CARTO,  and 
the  remaining  software  can  access  it  immediately. 


Enter  *1*  for  TCmONIX  outputs  or 
*2*  for  CALCOnP  output 


Enter  for  Ueet  Pointy 

*2*  for  Fulde  Qep,  or 
*3*  for  Ceche  dete  beee. 


Enter  the  left  side  coordinetee* 
Exneplet  Nf5M#3MP 

MA76417576 


Enter  the  right  side  coordinntee 
Ue77C37782 

Enter  height  above  ground  at 
left  end  and  right  end  (eeters). 
Exaeples  2.6«2.9 

2.e«2.e 

Enter  t  pts  along  LOS  *  INTEGER 

lee 

Enter  vertica I  sea I ing  factor 
1.5 


FIGURE  2.  Prompts  and  Responses  for  Line  of  Sight  Profile  at  Figure  3* 
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FIGURE  3.  Line  of  Sight  Profile 
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Line  Perspective  Views 

The  following  (fig.  4)  is  an  illustration  of  the  prompts  and 
responses  to  produce  a  line  perspective  view.  In  approximately  six 
minutes  a  three-dimensional  graphic,  such  as  the  example  shown  in 
figure  5,  is  generated. 

In  addition  to  modification  of  the  input  prompts  and  inclusion 
of  SUBROUTINE  CARTO,  a  new  subroutine  was  developed  to  facilitate 
efficient  generation  of  perspective  views.  This  subroutine,  called 
PWINDO,  accesses  elevation  data  from  disk  conforming  to  a  pie-shaped 
subarea  and  stores  this  data  in  core.  If  the  area  being  viewed  is  too 
large  to  fit  in  core  at  one  time,  this  routine  will  read  what  it  can 
and  then  trigger  successive  iterations  until  the  entire  perspective 
view  is  completed.  In  conjunction  with  PWINDO,  SUBROUTINE  ALTP  was 
developed  to  extract  the  correct  data  values  from  the  core  buffer  and 
compute  the  required  elevations. 


Chang#  plot  #ii#7  Anu  reapon## 

#iK#r  than  VES  caua#a  ih#  final 
plot  diaanaiona  to  hm  14*  wid# 
and  high. 

NO 

Chang#  viauing  paraaaiara?  CVCS  or  NO) 
VES 

Enter  th#  INTEGER  #  of  radial#  (7S  sax)* 
Exaaplat  7S 

75 

Enter  the  INTEGER  t  of  point#  par 
radial  (t99  aax). 

Exaaplat  10# 

IM 

Enter  how  far  you  can  aaa  (Ka). 

Exaaplat  3.5 

6.8 


Enter  the  vertical  exaggeration* 

(the  exaaple  below  iapilea  8ti) 
Exaaplat  2.0 

1.5 

Enter  for  Ueat  Point (1)« 

*8*  for  Pulda  Gap» 

•3*  for  Cache, 

*4*  for  Ueat  Point (8) 

*5*  for  Ueat  Point(3),  or 
*6*  for  Ueat  Point(4). 

5 

Enter  aquare  ID  and  8*digit 
coordinate#  of  the  aouthweat  corner 
of  the  viewing  window  (oblique  view) 
or  the  viewer#  poaition  (perap.  view). 
Exaaplat  NB50M3GM 

iirtmeeffeiie 

iRput  MiMWth  (tf.,)  .Rd  halght  (fi>. 

826., 5M. 


FIGURE  Prompts  and  Responses  for  Line  Perspective  View  at  Figure  5, 


326 


Uiewer^s  locaiiont  UA83OO80O0 
Viewing  azinutht  226  degrees 
Uiewina  depiht  6.2  kn 


CHARLAND 


^  O 

We 

a 

o 

♦♦  U) 

c  u 

o  o 

•H  ee 

CO 

<0 

it  -H 

c 

OI0 

0)>  m 
m  oo 

.  K  -- 

H  O  •« 

o 

«  K 

I  C  ^  "H 
U  it^ 

^  n 

it  O  O 
D  H 

i>  :>  Q- 


327 


FIGURE  5.  Line  Perspective  View. 
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Line  Oblique  Views 


Experimentation  with  this  form  of  terrain  representation  during 
the  1979  Cadet  Field  Training  Program  indicated  widespread  potential 
military  applications,  especially  for  large  areas.  Refer  to  figure  6 
for  the  sample  prompts  and  figure  7  for  the  resulting  sample  graphic. 

Modifications  of  this  software  are  similar  to  those  required 
for  the  line  perspective  case.  The  program  structure  was  first 
overlaid  to  allow  for  greater  core  data  arrays.  The  interactive 
prompts  were  changed*  SUBROUTINE  CARTO  was  implemented,  and  the 
program  was  configured  to  generate  either  TEKTRONIX  or  CALCOMP  output. 
Substantial  effort  was  also  devoted  to  improving  the  internal 
documentation  and  efficiency  of  the  source  code. 

This  progr%m  will  g«ii«rat«  obllgu*  viwws  of  Ueai  Foifi 
and  Uicinitu#  Fwlda  Gap  or  CacK««  Oklahoaa*  Entar  CO  to 
coniinaa  or  STOP  to  iarainata.  Upon  eoaplation  of  plot# 
hit  RETURN  to  ratarn  to  thia  proapt. 

GO 

Entar  M*  for  Uaat  Point(l)# 

■2*  for  Fulda  Gap# 

•3*  for  CacKa# 

•4*  for  Uaat  Polnt(2) 

*S*  for  Uaat  PolntO)#  or 
•6*  for  Uaat  Pointed). 

5 

Enter  aquara  ID  and  S-dlgit  coordinatea  of  tha 
aoutkwaat  corner  of  tha  viewing  window  (oblique  view) 
or  tha  viewers  poaition  (parapactiva  view) 

Exaapiet  NBseeeSoee 

uRSdeesoee 

Enter  width  and  depth  of  area  being  viewed  Cka). 

Exaaplel  5.6«5*6 

5. #5. 

Enter  t  of  profiles  to  be  plotted  (INTE(SER  t99  aax) 

Exaapiet  iTb 

lee 

Enter  the  vertical  exaggeration. 

(the  axaaple  below  iapiles  2tl) 

Exaapiet  2.9 

1.5 

Enter  the  aspect  angle  and  viewing  asiauth  (dag) 
d9.#226. 


FIGURE  6.  Prompts  and  Responses  for  Line  Oblique  View  at  Figure  7. 
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Shaded  Perspective  View 

This  software  package  represents  the  first  major  accomplishment 
involving  color  graphics  within  the  CGL.  The  preliminary  successes 
are  very  promising.  Originally,  the  shaded  perspective  software  was 
written  at  the  ETL  by  Mr.  Cyrus  Taylor  2  and  made  available  to  West 
Point  in  August  1979.  Its  output  was  a  black-and-white  image  produced 
on  a  VERSATEC  dot  matrix  plotter.  Modifications  at  West  Point 
included  code  simplifications  and  internal  documentation,  task 
overlaying,  the  inclusion  of  SUBROUTINES  CARTO  and  PWINDO,  the 
development  of  the  prompts  illustrated  in  figure  8  and  the  addition  of 
synthetic  color  to  generate  the  graphic  shown  in  figure  9.  Current 
efforts  are  underway  at  both  the  ETL  and  West  Point  to  further 
simplify  the  production  of  these  images.  The  goal  is  to  retain  the 
current  detail  while  reducing  the  image  generation  time  to  be 
compatible  with  the  line  perspective  software.  Additionally,  with  the 
assistance  of  Mr.  Robert  Getz,  the  department  illustrator,  and  Cadet 
Joseph  Hafeman,  who  is  conducting  graded  research  in  computer 
graphics,  a  series  of  color  tables  are  being  developed  to  increase  the 
realism  of  the  synthetic  color  process. 


Eiii#r 

•3* 

•4* 

•5* 


for  U«4i 

for  Gop# 

for  Coclko# 

for  Uooi  Pointed)# 

for  Uoot  PointO)# 

for  Uoot  Poifii(4)* 


or 


S 


Enter  hoM  far  can  aea  (k«)* 
Exaaplai  6.2 

6.2 


Enter  t  radlals#  t  pointa  per  radial 
and  t  pixels  per  coluen  (INTEGERS). 
Exaeple:  512# 158# 480 


Enter  sqaare  ID  and  S-digit  coordinataa 
of  the  soathiiest  corner  of  tke  viewing 
window  (oblique  view)  or  the  viewers 

fosition  (perspective  view), 
xaeplet  ND58M3888 

UA83868888 


S12#288#488 

Enter  the  vertical  exaggeration, 
(the  exaeple  below  iepTIes  2tl). 
Exaeplet  2.8 

1.5 


Enter  viewing  aslauth  (degrees)  and 
height  above  ground  (feetl. 

Exaeplet  226.8# 1888.8 


Enter  the  vertical 
angles  (degrees). 
Exaeplet  45. #98* 


and  horisontal  sun 


226. #588. 


45. #315. 


FIGURE  8.  Prompts  and  Responses  for 
the  Shaded  Perspective 
View  at  Figure  9. 
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FIGURE  9.  Shaded  Perspective  View. 
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IV.  DATA  BASES 
Acquisition 

Data  bases  for  this  research  effort  are  provided  by  the  DMA. 
All  current  applications  have  utilized  DMA  special  data  of  Fulda  Gap, 
Germany,  and  West  Point,  New  York.  The  data  have  been  reprocessed 
into  polynomial  coefficients  by  the  DMA  Aerospace  Center  (DMAAC)  and 
delivered  to  West  Point  encoded  in  8-bit  ASCII  format.  This  system 
has  proven  to  be  quite  convenient  when  transferring  data  from  a  36-bit 
main  frame  computer  to  a  1 6-bit  minicomputer.  Additionally,  the 
polynomial  coefficients  appear  to  afford  an  advantageous  compaction 
benefit  plus  a  rather  accurate  means  of  computing  intermediate 
elevations.  Efforts  are  underway  to  experiment  with  DMA  source  tapes 
directly.  This  may  eliminate  the  requirement  to  reprocess.  In 
conjunction  with  these  tests  is  the  overall  program  to  study  data  base 
accuracy,  whether  the  data  is  represented  by  polynomial  coefficients 
or  strictly  as  nodal  elevations. 

Accuracy 

Two  major  questions  exist  regarding  digital  data  when  one 
considers  computer  graphics  for  the  Army.  The  first  is,  how  well  do 
data  bases  of  various  intervals  and  characteristics  represent  the 
terrain  in  question  and  second,  what  is  the  minimum  accuracy  required 
for  the  particular  application  in  question?  The  accumulation  of 
statistics  to  answer  both  questions  is  being  presently  undertaken  at 
West  Point.  In  cooperation  with  the  DMAAC,  the  West  Point  data  base 
has  been  reprocessed  into  eight  successively  thinner  polynomial 
representations.  Computed  elevations  are  being  compared  to  surveyed 
elevations  to  observe  accuracy  degradation  as  a  function  of  thinning 
when  polynomials  are  used.  Elevations  for  the  same  locations  will  be 
computed  from  the  source  data  base  and  compared  as  well . 
Additionally,  graphics  of  the  area  will  be  generated  utilizing  each  of 
the  data  bases,  and  the  resulting  products  will  be  compared  with  the 
actual  terrain.  This  effort  is  expected  to  be  completed  by  June  1981. 
The  table  on  the  following  page  (fig.  10)  is  a  sample  of  the 
information  that  has  been  gathered  thus  far. 
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FIGURE  10.  Quantitative  Comparison  of  Terrain  Elevations  from  Different  Sources. 
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V.  FIELD  APPLICATIONS 


General 


During  the  summer  of  1979  the  class  of  cadets  having  just 
completed  their  freshman  year  spent  approximately  seven  weeks  in  field 
training  at  Camp  Buckner.  During  the  last  two  weeks  of  the  training 
program,  computer-generated  terrain  graphics  were  incorporated  into 
portions  of  the  field  training  on  a  trial  basis.  These  graphics  were 
co^ittLs!^  Artillery,  Engineer  and  Infantry  instruction 


Findings 

Although  the  duration  of  this  application  phase  was  limited,  a 
number  of  significant  facts  were  determined.  it-ea,  a 

users  of  this  technology  must  be  educated  on  its 
application  and  potential  before  they  can  apply  it  properly.  Merely 
showing  examples  of  sample  graphics  does  not  sufficiently  enable  the 
users  to  intelligently  request  the  exact  graphics  they  nLd 

2)  The  data  base  will  not  provide  the  minute  detail  of  actual 
slopes.  This  detail  is  not  available  on  the  source  maps. 

substantial  need  for  graphics  which  are  well 
labeled  and  which  include  cultural  features. 

in  excellent  tools  which  can  be  used  to 

illustrate  what  is  being  portrayed  on  a  2-D  topographic  map.  They 

oftin  topographic  map  sheets  do  not 

ooJpntif?‘  valuable  aids  for  planning  operations,  and  their 

potential  utility  in  the  teaching  mode  is  limitless. 

5)  Oblique  views  are  applicable  to  areas  that  are  4km  square 

aLuJaSlv-’  in  represent  the  terrain 

^  representation  proved  to  be  a  valuable  asset 

to  the  Artillery  training  in  particular. 

VI.  SUMMARY 

Applications  of  computer  graphics  at  Camp  Buckner,  utilizing 
the  graphics  packages  discussed,  will  be  conducted  once  again  this 

P®  placed  on  utilization  of  the  graphics  to 
stress  key  training  objectives.  Cadet  Scott  Keller  is  conductine  a 
graded  research  project  to  support  this  effort.  ® 
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Emphasis  has  already  been  placed  on  automatically  labeling  and 
overlaying  all  the  computer-generated  graphics.  Actually,  this 
problem  has  been  partially  solved  but  not  yet  implemented. 

Contour  plots  with  overlays,  both  raster  and  vector,  and  radar 
masking  diagrams  will  be  implemented  in  the  near  future. 

As  mentioned  in  Chapter  IV,  the  data  base  accuracy  study  will 
continue  for  another  year.  Both  DMA  Standard  and  Special  data  bases 
with  nodal  spacing  conforming  to  either  the  UTM  or  Geographic 
coordinate  systems  will  be  employed. 

Color  perspectives  with  a  focus  on  near-real-time  image 
generation  will  be  stressed.  The  initial  response  to  the  color 
perspective  views  has  been  encouraging. 

In  conclusion,  a  number  of  computer  graphics  packages  have  been 
presented  which  are  tailored  for  Army  needs.  The  initial  response  to 
these  products  at  West  Point  has  been  resoundingly  positive.  The 
tasks  that  remain  are  refinement,  education,  application  and  further 
refinement.  If  this  approach  is  followed,  computer  graphics  will  play 
a  significant  role  in  the  Army  of  the  future. 
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MATERIALS  DETERIORATION  IN  TROPIC  VERSUS  CONUS  SITES 


FREDDY  CHEN,  Ph.D. 

US  ARMY  TROPIC  TEST  CENTER 
APO  Miami  3^004 


The  US  Army  has  had  considerable  involvement  in  the  humid 
tropics  since  before  World  War  II.  These  involvements  have  revealed 
many  unexpected  materiel  problems.  Warm  temperatures,  high  rainfall 
and  high  humidity  interact  to  produce  an  environment  which  adversely 
affects  the  performance  of  materiel.  The  US  Army  Tropic  Test  Center 
(USATTC),  located  in  the  Republic  of  Panama  (latitude  9®N,  longi¬ 
tude  80®W),  conducts  materiel  tests  and  environmental  research  to 
increase  the  effectiveness  of  systems  designed  to  operate  in  humid 
tropic  areas. 

The  continued  availability  of  test  facilities  in  Panama  is 
questionable  after  the  year  2000  because  of  changing  international 
political  situations.  In  addition,  increasingly  sophisticated  equip¬ 
ment,  increases  in  materiel  system  inventory,  and  bulk  of  Arn^r  equip¬ 
ment  make  it  difficult  to  test  in  areas  remote  from  the  Continental 
United  States  (CONUS).  Recognizing  these  real  and  potential  prob¬ 
lems,  the  Army  Scientific  Advisory  Panel  (now  the  Army  Science  Board) 
recommended  in  1976  that  a  program  of  correlative  tests  be  initiated 
between  Panama  sites  and  selected  CONUS  sites.  The  concept  of  using 
CONUS  sites  to  predict  materiel  performance  in  the  tropics  may  be  a 
necessity  in  the  near  future. 

To  determine  if  this  concept  is  feasible,  this  research 
takes  an  exploratory  first  look  at  material  performance  at  a  basic 
level.  A  number  of  single  environmental  factors  such  as  temperature, 
relative  humidity,  and  rainfall  are  being  measured  for  their  effects 
on  several  basic  materials  such  as  latex  and  steel.  The  approach 
compares  basic  degradation  curves  from  material  samples  exposed  at 
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CONUS  sites  to  deterioration  rates  and  mechanisms  found  in  the  trop¬ 
ics  of  Panama.  At  the  end  of  this  study,  correlations  between  single 
and  multiple  environmental  factors  and  degradation  rates  will  be 
made.  This  research  then  takes  a  basic  look  at  material  degradation. 
There  is  no  attempt  at  this  exploratory  stage  to  predict  materiel 
system  performance  in  the  tropics  by  analyzing  data  obtained  in 
CONUS,  although  this  project  is  the  first  step  in  that  direction. 
Subsequent  research  will  help  to  achieve  that  ultimate  goal. 

At  present,  USATTC  is  studying  six  areas  in  CONUS  that  have 
some  environmental  characteristics  similar  to  those  found  in  Panama. 
Exposure  sites  have  been  established  at  locations  in  CONUS  shown  in 
figure  1.  Figure  2  shows  the  location  of  the  Panama  exposure  sites; 
figure  3  identifies  analog  parameters  for  CONUS  and  tropic  sites. 

Several  basic  materials  and  several  standard  Army  materiel 
items  are  being  exposed  as  shown  in  figure  4.  These  basic  materials 

were  exposed  during  previous  tests. The  knowledge  obtained 
from  these  tests  will  be  used  to  compare  the  severity  of  the  environ¬ 
ment  to  the  deterioration  of  materials  and  materiel  exposed  in  this 
study.  The  same  exposure  design  and  analytical  procedures  will  be 
used  for  all  sites.  Since  data  for  all  sites  have  not  been  collect¬ 
ed,  the  results  at  this  time  are  not  complete.  However,  some  prelim¬ 
inary  degradation  trends  from  early  exposure  data  show  that  the  basic 
concept  of  using  CONUS  data  to  predict  tropic  results  may  be  feasi¬ 
ble.  One  preliminary  result  from  the  study  is  the  percent  corrosion 
weight  loss  at  different  sites  over  a  period  of  time  (figure  5). 
The  two  coastal  sites.  Key  West  and  Fort  Sherman  Coastal,  exhibited 
the  highest  rate  of  corrosion.  Common  deteriorating  factors  were 
high  atmospheric  salt  levels,  high  humidity,  and  high  temperatures. 
As  expected,  the  Quinault  site,  with  low  atmospheric  salt,  high 
humidity,  and  low  temperatures  had  the  lowest  rate  of  deterioration. 
As  shown  in  figure  5,  high  humidity  alone  does  not  accelerate 
corrosion. 

Another  early  result  at  this  stage  of  the  study  is  the 
change  in  tensile  strength  for  latex  and  POL  tank  fabrics  (figures  6 
and  7).  Because  latex  is  sensitive  to  ultraviolet  (UV)  radiation, 
the  tensile  strength  for  latex  drops  rapidly  at  all  sites  that  have 
intense  solar  radiation,  but  not  as  rapidly  in  forest  sites. 
Because  the  nylon  fibers  in  the  POL  tank  fabrics  are  not  exposed  but 
are  contained  between  layers  of  PVC  and  nitrile-neoprene,  the  tensile 
strength  of  POL  tank  fabrics  did  not  change  during  any  exposure  test¬ 
ing.  UV  radiation  cannot  penetrate  the  PVC  layers  to  deteriorate 
the  nylon. 
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CONUS  SITES 


ANALOG  ENVIRONMENTAL  PARAMETERS 


PANAMA  SITE 


QUINAULT,  WA 


HIGH  RAINFALL,  HUMIDITY  AND 
ACTIVITY 


BATTERY 
McKenzie 
FOREST  SITE 


SALTON  SEA,  CA 


HIGH  AMBIENT  TEMPERATURE,  SOLAR 
RADIATION  AND  HUMIDITY 


FORT  SHERMAN 
OPEN  EXPO¬ 
SURE  SITE 
AND  FORT 
CLAYTON 
GENERAL 
PURPOSE 
TEST  AREA 


EL  CENTRO,  CA 


HIGH  SOLAR  RADIATION  AND  AMBIENT 
TEMPERATURE 


FORT  SHERMAN 
OPEN  EXPO¬ 
SURE  SITE 


CORPUS  CHRISTI,  HIGH  ATMOSPHERIC  SALT,  HIGH  SOLAR 
TX  RADIATION 


OCEAN  SPRINGS,  MS  SUBTROPICAL  MARINE  CLIMATE,  HIGH 

SUMMER  HEAT,  HUMIDITY  AND 
RAINFALL 


FORT  SHERMAN 
COASTAL 
EXPOSURE  SITE 

PREVIOUS 
MANGROVE 
SITE  RESULTS 


KEY  WEST,  FL 


TROPICAL  MARINE  CLIMATE  DURING 
CERTAIN  MONTHS 


FORT  SHERMAN 
COASTAL  EXPO¬ 
SURE  SITE 


Figure  3*  Analogy  Between  CONUS  and  Panama  Exposure  Sites 


TEST  ITEMS 


Low  Carbon  Steel 

Cotton 

Latex 

Nylon 

Mylar 

Cellulose  Acetate 


Jungle  Fatigues  (Strips) 

Petroleum,  Oil,  Lubricant  (POL)  Tank  Fabrics 
Electronic  Components 
Jungle  Boots 
Assorted  Glues 


Figure  4.  List  of  Test  Items 
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Change  in  Tensile  Strength  for  Latex  at  Selected 
Exposure  Sites. 


Figure  6 
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Figure  7.  Change  in  Tensile  Strength  for  POL  Tank  Fabrics  at 
Selected  Exposure  Sites. 


Environmental  degradation  occurs  most  readily  on  the  surface 
of  the  POL  tank  fabric.  Therefore,  a  scanning  electron  microscope 
was  used  to  determine  the  various  results  in  surface  deterioration. 
Figure  8  shows  severe  deterioration  of  POL  tank  fabric  exposed  for  2 
weeks  at  Key  West,  a  coastal  site.  Some  sections  of  this  fabric  had 
deep  cracks.  The  same  result  of  cracking  occured,  but  not  severely, 
on  fabrics  exposed  at  McKenzie  Forest  in  Panama  (figure  9).  The 
McKenzie  Forest  sample  also  contained  fungal  activity  with  a  collec¬ 
tion  of  debris  and  salts.  The  deterioration  process  was  different 
for  fabrics  exposed  at  Quinault;  the  fabric  did  not  crack  but  curled. 
Figure  10  shows  a  POL  tank  fabric  that  had  been  exposed  at  Quinault 
for  7  months. 

One  main  difference  between  exposure  at  Key  West  and  its 
counterpart  in  Panama—Fort  Sherman  Coastal—was  fungal  activity. 
Cellulose  acetate  samples  exposed  for  2  weeks  in  Key  West  did  not 
show  evidence  of  fungal  attack,  but  did  exhibit  surface  deterioration 
(figure  11).  However,  samples  exposed  for  2  weeks  at  the  Fort 
Sherman  Coastal  site  were  covered  with  fungal  mycelia,  debris  and 
salts  (figure  12); 

\ 

Jungle  fatigue  strips  also  were  used  as  exposure  samples 
(figures  13  and  14),  undergoing  exposure  for  2  weeks  at  the  Fort 
Sherman  Coastal  Site.  The  fatigue  strips  contained  a  fungus 
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Photomicrograph  of  Deterioration  to  Surface  of  POL 
Tank  Fabric  Exposed  at  Key  West  for  2  Weeks,  560X. 


Photomicrograph  of  Deterioration  to  Surface  of  POL 
Tank  Fabric  Exposed  at  McKenzie  Forest  for  2  Weeks 
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Figure  10.  Photomicrograph  of  Deterioration  to  Surface  of  POL 
Tank  Fabric  Exposed  at  Quinault  for  7  Months,  1000X. 


Figure  1 1 .  Photomicrograph  of  Deterioration  to  Surface  of 

Cellulose  Acetate  Exposed  at  Key  West  for  2  Weeks, 
1080X. 
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Figure  12.  Photomicrograph  of  Deterioration  to  Surface  of 

Cellulose  Acetate  Exposed  at  Fort  Sherman  Coastal 
Site  for  2  Weeks,  520X. 


Figure  13.  Photomicrograph  of  Fungi  on  Surface  of  Jungle  Fatigue 
Strip  Exposed  at  Fort  Sherman  Coastal  Site  for  2  Weeks, 
160X. 
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Figure  14.  Photomicrograph  of  Fungi  on  Surface  of  Jungle  Fatigue 
Strip  Exposed  at  Fort  Sherman  Coastal  Site  for  2  Weeks, 
650X. 

tentatively  identified  as  belonging  to  the  tricoderma  species.  Other 
unknovm  fungal  species  attacked  cotton  fibers  (figure  15)  exposed 

for  20  weeks  at  the  Fort  Sherman  Coastal  Site. 

Fungal  attack  occurred  either  by  a  suction  process  as  shown 
in  figure  16,  or  by  surface  penetration  as  shown  in  figure  17. 
Figure  16  shows  the  deterioration  of  latex  after  being  exposed  for  4 
months  in  Quinault.  Figure  17  shows  the  deterioration  of  mylar  after 
being  exposed  for  7  weeks  at  McKenzie  Forest.  Salt  also  can  pene¬ 
trate  surfaces  (figures  18  and  19)  as  shown  on  the  mylar  samples 

exposed  at  the  Fort  Sherman  Open  Exposure  Site  for  2  weeks  (figure 
18).  The  cellulose  acetate  sample  (figure  19)  exposed  for  12  weeks 
at  Key  West  showed  severe  surface  salt  penetration. 

Another  cause  of  surface  deterioration  is  stress  relaxation. 
A  good  example  is  shown  in  figure  20.  The  latex  sample  was  exposed 
at  the  Quinault  site  for  7  months.  After  7  months,  a  partial  coales¬ 
cence  of  surface  particles  had  occurred.  Stress  relaxation  from 
surface  coalescence  caused  the  surface  fibers  to  pull  apart.  Surface 
deterioration  at  this  site  was  so  slow  that  the  process  was  observed 
and  analyzed  easily.  At  sites  with  surface  deterioration  occurring 
rapidly,  it  was  difficult  to  capture  and  analyze  the  deterioration 

process.  High  solar  radiation  levels  found  at  the  Fort  Sherman 

Coastal  Exposure  Site  caused  surface  deterioration  to  occur  rapidly. 
Severe  surface  destruction  occurred  on  latex  samples  exposed  at  this 
site  for  2  weeks  (figure  21). 
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Photomicrograph  of  an  Unknown  Fungi  on  Surface  of 
Fort  Sherman  Coastal  Site  for  20 


Cotton  Exposed  at 
Weeks,  2750X. 


Photomicrograph  of  Fungi  on  . 
Quinault  for  4  Months,  1000X 
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Figure  17.  Photomicrograph  of  Fungi  on  Surface  of  Mylar  Exposed 
at  McKenzie  Forest  for  7  Weeks,  665Xc 


Figure  18.  Photomicrograph  of  Salt  Inside  Surface  of  Mylar 
Exposed  at  Fort  Sherman  Open  Site  for  2  Weeks, 
1800X. 
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Figure  20*  Photomicrograph  of  Surface  Deterioration  to  Latex 
Exposed  at  Quinault  for  7  Months,  1000X. 
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Figure  21 .  Photomicrograph  of  Surface  Deterioration  to  Latex 
Exposed  at  Ft  Sherman  Coastal  Site  for  2  Weeks, 
378x. 


On  occasion,  unknown  substances  can  be  seen  on  exposed 
items.  These  substances,  presumably  of  a  biological  nature,  were 
found  on  POL  tank  fabrics  exposed  at  the  Fort  Sherman  Coastal  Expo¬ 
sure  Site  for  2  weeks  (figure  22).  Phenomena  of  this  nature  are 
rarely  encountered  in  samples  exposed  at  CONUS  Sites. 

In  conclusion,  we  are  finding  that  some  basic  materials 
deteriorate  at  CONUS  sites  at  rates  similar  to  the  deterioration 
rates  found  at  sites  in  the  tropics,  although  the  deterioration 
mechanisms  may  be  different.  Future  studies  will  index  the  severity 
of  different  mechanisms,  develop  a  predictive  model  for  material 
deterioration,  and  attempt  to  determine  a  valid  procedure  to  predict 
materiel  performance  in  the  tropics  using  data  obtained  in  CONUS. 
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Figure  22.  Photomicrograph  of  Unknovm  Substance  on  Surface  of  POL 
Tank  Fabric  Surface  Exposed  at  Fort  Sherman  Coastal 
Site  for  2  Weeks,  3850X. 
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DETECTION  OF  SIGNAL  SIGNATURES 
OF  CARTOGRAPHIC  FEATURES 


*PI-FUAY  CHEN,  DSC 
WILLIAM  W.  SEEMULLER,  PHD 
U.S.  ARMY  ENGINEER  TOPOGRAPHIC  LABORATORIES 
FORT  BELVOIR,  VA  22060 


Currently  photo  interpretation  and  terrain  image  identifica- 
tion  for  military  applications  is  performed  manually.  This  work  is 
time  consuming  and  costly.  The  work  described  below  is  a  first  step 
to  aiding  or  semi-automating  some  of  these  labor  intensive  tasks. 

A  semi-automated  technique  for  extracting  a  selected  set  of 
cartographic  features  such  as,  road  intersections,  straight  line 
roads,  and  rectangular  objects  from  aerial  photographs  was  recently 
developed  at  the  U.S.  Army  Engineer  Topographic  Laboratories  (USAETL) 
using  the  Walsh  transform.  The  discrete  function  (Walsh)  transform 
was  chosen  because  of  its  simplicity  (Walsh  functions  are  only  two- 
valved)  resulting  in  simple  implementation,  and  because  Walsh  func¬ 
tions  conform  to  the  selected  set  of  the  cartographic  features.  Since 
the  Walsh  transform  coefficients  were  produced  by  using  Walsh  func¬ 
tions  having  alternate  magnitudes  (either  +1  or  -1)  at  different  se¬ 
quences,  the  Walsh  transform  coefficients  are  also  decomposed  spectral 
components  of  the  signal  signature  of  the  input  aerial  photographic 
images. 


The  technique  was  investigated  in  two  ways  as  follows: 

(1)  Using  a  32-by  32-element  solid  state  sensor  array  to  convert 
aerial  imagery  into  an  electronic  signal  which  was  processed  in  a 
minicomputer  to  yield  Walsh  transforms  of  the  image  [1].  (2)  A  proto¬ 

type  image  spectrum  analyzer  (PISA)  was  developed  which  utilizes  a 
large  size  plasma  discharge  device  (8.5-by  8. 5- inch  illuminating 

area  with  512  electrodes  each  in  both  x  and  y  directions)  to  generate 
two-dimensional  Walsh  function  patterns,  andjproduce  512  by  512  Walsh 
coefficients  in  14  seconds  [2].  The  PISA  produced  successful  results 
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for  a  selected  set  of  targets  representing  man-made  cartographic 
features  of  the  type  stated  above.  The  sensor  array-minicomputer 
system  provides  a  variable  \mage  threshold  which  results  in  better 
control  of  the  input  imagesy\  The  Cartographic  features  as  described 

with  background  scenes  and  nc^i-se  were  extracted  successfully  from 
aerial  imagery.  ^  ^ 

The  sensor  array-minicompufar  system  described  in  [1]  was 
further  expanded  to  incorporate  a  classification  scheme  to  become  a 
semi-automated  cartographic  feature  extraction  and  recognition  system. 
This  paper  describes  this  experimental  system  which  was  implemented 
with  a  solid  state  sensor  array  as  an  opto-electronic  converter,  a 
minicomputer  as  a  signal  processor  to  perform  the  functions  of  feature 
extraction  and  recognition,  and  a  computer -controlled  translational 
stage  as  the  imagery  holder.  Successful  extraction  and  recognition 
results  for  the  selected  set  of  cartographic  features  using  this 
experimental  system  are  presented.  An  alternate  method  for  detecting 
the  decomposed  signal  signatures  representing  cartographic  features 
using  analog  signal  processors  is  briefly  described,  and  conclusions 
are  given. 


SYSTEM  CONFIGURATION 

A  system  that  will  produce  signal  signatures  from  the  grey- 
shade  distribution  of  a  photo  transparency  in  a  short  time  and  with 
recognizable  resolution  was  developed.  The  block  diagram  of  such  a 
system  is  shown  in  Figure  1 . 

A  9-  by  9-inch  aerial  transparency  is  illuminated  by  a  white 
light  source,  and  a  section  of  the  image  is  projected  on  a  Reticon 
32-  by  32-element  solid  state  array  with  a  lens.  The  array  converts 
the  optical  energy  of  the  image  into  a  video  signal.  The  array 
timing  and  video  signals,  after  being  conditioned  and  digitized  by 
the  computer  interface  are  sliced  by  the  Hewlett-Packard  (HP)  2100 
minicomputer  into  two  values,  "on”  and  "off."  The  threshold  value  of 
the  slicing  is  variable,  which  provides  a  very  convenient  means  for 
isolating  signals  representing  the  selected  feature  image  from  the 
unwanted  background  noise.  The  "on"  value  of  the  video  is  arbitrari¬ 
ly  set  to  "100"  and  "off"  to  "0,"  and  the  quantized  image  is  printed 
by  a  line  printer  as  a  two-dimensional  binary  array  of  32  by  32  pixels 
that  represent  the  spatial  signal  signature  of  the  selected  topograph¬ 
ic  features.  The  sliced  signal  is  transformed  into  a  32  by  32  Walsh 
matrix  with  a  conventional  Walsh  transform  algorithm  in  the  computer. 
This  algorithm  implements  the  two-dimensional  discrete  Walsh  trans¬ 
form  [3], 
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Figure  1.  System  Block  Diagram 
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Figure  2.  First  8- by  8-Order,  Two-Dimensional  Walsh  Functions 
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where  f(x,y)  Is  the  image  binary  array,  Wal(i,x)  Wal(j,y)  is  the  two- 
dimensional  Walsh  function  of  order  1  and  j,  and  x,y,l,  and  j  take 
values  from  1  through  32.  By  sequentially  changing  the  order  of  the 
Walsh  function,  the  complete  set  (32  by  32)  of  the  Walsh  transform 
coefficients  was  obtained.  The  Walsh  functions  used  are  permanently 
stored  in  the  minicomputer.  Figure  2  shows  the  first  8  by  8  order, 
two-dimensional  Walsh  functions  in  the  x  and  y  ranges  of  -%  to  i^. 

The  black  areas  indicate  +1  in  magnitude,  and  white  -1. 

Since  the  Walsh  transform  coefficients  are  produced  by  using 
Walsh  functions  having  spatially  alternating  magnitudes  (from  +1  to 
-1)  at  different  sequences,  the  Walsh  transform  coefficients  represent 
the  decomposed  spectral  components  of  the  signal  signature  of  the  in¬ 
put  signal.  These  spectral  components  were  divided  by  a  convenient 
constant,  in  this  case  1,024,  which  is  the  number  of  pixels  in  a 
frame  for  normalization  purposes.  The  entire  normalized  set  of  the 
spectral  components  was  printed  out  by  the  line  printer. 

A  detection  scheme  was  implemented  based  on  the  uniqueness  of 
the  Walsh  transform  of  each  feature  under  consideration.  At  first  a 
]70ference  signal  signature  was  established  for  each  cartographic  fea¬ 
ture  of  the  entire  selected  set.  The  test  imagery  after  being  trans¬ 
formed  into  the  Walsh  domain  was  then  compared  to  each  reference  sig¬ 
nal  signature  sequentially,  and  classification  was  made.  Since  carto¬ 
graphic  features  may  appear  in  a  variety  of  locations  in  the  window 
of  inspection  (for  this  case,  the  active  surface  of  the  solid  state 
array),  and  because  Walsh  transforms  are  neither  translationally  nor 
rotationally  invariant,  two  or  more  reference  signal  signatures  are 
required  for  each  class  of  cartographic  feature  to  avoid  misclasslfl— 
cation.  With  this  modification,  four  classes  out  of  the  entire  seven 
cartographic  feature  classes  selected  were  recognized  without  error 
regardless  of  their  location  with  respect  to  the  window.  The  rest  of 
the  features  were  also  classified  correctly  in  the  majority  of  loca¬ 
tions.  However,  misclassificatlon  occurred  when  these  feature 
classes  were  located  very  close  to  the  corners  of  the  window.  Both 
the  magnitude  of  a  single  Walsh  transform  coefficient  (or  the  sum  of  a 
row  or  column  of  the  transform  coefficients) ,  and  the  ratio  of  each 
significant  coefficient  to  A(l^l)  or  A(2,l)  or  A(3,l)  were  used  as 
reference  signal  signatures  for  classification.  At  the  end  of  each 
classification,  the  translational  stage  was  automatically  moved  a 
predetermined  number  of  steps  in  the  x  and  y  directions,  and  the  new 
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segment  of  the  test  image  was  projected  on  the  surface  of  the  array. 
The  same  procedure  described  above  was  repeated. 

EXPERIMENTAL  RESULTS 

A  selected  set  of  images  containing  man-made  cartographic  fea¬ 
tures  such  as,  road  intersections,  straight  line  roads,  and  rectangu¬ 
lar  objects  from  an  aerial  photo  transparency  and  a  few  mask  patterns 
were  used  as  input  test  patterns  for  the  system.  The  spatial  signal 
signatures,  the  associated  Walsh  transforms  (decomposed  spectral  sig¬ 
nal  signatures)  and  the  classification  results  are  shown  for  each  of 
the  test  images.  Figures  3  through  6  indicate  the  results  for  a  road 
intersection,  a  horizontal  line  road,  a  vertical  line  road,  and  a 
rectangular  object.  These  cartographic  features  were  placed  at  var¬ 
ious  positions  with  respect  to  the  window  of  inspection.  They  were 
detected  and  classified  correctly  regardless  of  their  location  with 
respect  to  the  window.  The  results  for  these  different  positions  are 
not  shown  because  of  the  limited  paper  size.  Figure  7  shows  the  de¬ 
tection  results  for  a  diagonally  oriented  road  intersection.  It  is 
found  that  the  correct  classification  was  obtained  for  a  majority  of 
feature  locations  with  respect  to  the  window.  However,  it  was  mis- 
classified  as  a  diagonally  oriented  line  road  only  when  the  center  of 
the  diagonally  oriented  road  intersection  was  positioned  against  four 
corners  of  the  window  (not  shown).  This  is  because  the  energy  con-: 
tributed  by  one  branch  of  the  diagonally  oriented  road  intersection 
is  much  stronger  than  that  of  the  other  branch.  Figures  8  and  9  are 
the  results  of  the  classification  for  the  diagonally  oriented  line 
roads  having  45- and  135-degree  angles  with  respect  to  the  x-axis  of 
the  window.  They  are  recognized  correctly  in  a  majority  of  locations. 
It  was  noted  that  these  roads  were  not  recognized  when  they  moved  to¬ 
wards  the  corners  of  the  window  (not  shown) .  A  few  other  aerial 
photo-transparencies  containing  relatively  complicated  scenes  were 
also  tried.  Most  of  them  were  recognized  correctly,  while  some  were 
misclassif ied,  or  were  not  recognized.  The  results  are  not  shown,  in 
the  interest  of  brevity.  The  overall  results  indicate  that  the  Walsh 
transform  processing  technique  is  quite  successful  for  detecting  well- 
defined  linear  man-made  cartographic  features.  Nearly  90  percent 
recognition  accuracy  was  obtained  for  a  set  of  selected  cartographic 
features  of  the  classes  described.  A  rotational  dimension  may  be 
incorporated  in  the  future  to  refine  the  method  for  detecting  the 
above  cartographic  features  at  various  angles  with  respect  tb  the 
axes  of  the  window. 

This  system  or  feature  extractor  will  be  integrated  in  parallel 
with  other  feature  extractors  which  are  to  be  developed  in  the  future 
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Figure  3.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Road  Intersection. 
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Figure  4.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Horizontal  Line  Road. 
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Figure  5.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Vertical  Line  Road. 
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Figure  6.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Rectangular  Object. 
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Figure  8.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Diagonally  Oriented  Line  Road 

(45  Degrees) . 
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Figure  9.  Spatial  Signal  Signature,  Walsh  Transform,  and 
Classification  Result  for  Diagonally  Oriented  Line  Road 

(135  Degrees). 
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to  become  a  total  automated  feature  extraction  system. 

AN  ALTERNATE  DETECTION  SCHEME 

in  this  section,  an  alternate  scheme  for  detecting  the  decom¬ 
posed  spectral  components  (or  Walsh  transform  coefficients)  using 
analog  processors  is  described.  In  the  scheme,  two  cascaded,  32- 
stage  programmable,  binary-analog  correlators  [4]  are  used  as  shovm 
in  Figure  10.  In  the  previous  section  it  was  shown  that  the  signifi¬ 
cant  spectral  components  in  most  cases  appear  in  the  first  8  by  8 
lower  order  Walsh  transform  coefficients.  Thus,  two  cascaded,  32- 
stage,  binary-analog  correlators  should  be  sufficient  to  process  the 
important  coefficients  to  yield  recognizable  results.  The  Walsh 
transform  coefficients  are  connected  to  the  input  of  the  analog  delay 
line,  and  the  binary  patterns  that  represent  reference  signal  signa¬ 
tures  will  be  connected  to  the  input  of  the  static  shift  register. 

Each  stage  of  the  analog  delay  line  has  a  pair  of  taps .  These  taps 
have  switches  in  series  with  them  that  are  controlled  by  the  true  and 
complement  outputs  of  the  static  digital  shift  register.  By  loading 
a  binary  word  to  it,  the  static  shift  register  will  select  the  taps, 
which  are  connected  to  two  output  lines,  thus  proving  the  ability  to 
do  correlation.  By  sweeping  the  known  binary  words  at  a  megahertz 
rate,  the  Walsh  coefficients  representing  a  particular  type  of  fea¬ 
ture  will  be  quickly  detected  in  the  output  of  the  operational 
amplifier. 

The  system  described  in  the  previous  sections  can  be  replaced 
by  using  this  suggested  scheme  together  with  a  solid  state  array,  a 
hardware  Walsh  function  generator,  and  some  minor  interface  and  dis¬ 
play  electronics.  Although  the  analog  method  is  relatively  compact, 
it  is  much  less  flexible  than  the  digital  method  described  earlier. 

CONCLUSIONS 

1.  The  signal  signature  of  the  spectrally  decomposed  cartographic 
features  is  much  simpler  in  distribution  than  the  spatial  signal 
signature  of  the  same  cartographic  feature  for  all  selected  cases. 

2.  In  most  cases,  the  significant  spectral  components  are  distributed 
among  few  lower  order  Walsh  transform  coefficients.  Further,  each 
transform  pattern  is  unique  in  itself,  and  it  can  be  easily  distin¬ 
guished  from  the  rest. 

3.  One  or  more  reference  signal  signatures  were  required  for  each 
class  of  the  selected  set  of  cartographic  features  since  they  may 
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appear  in  a  variety  of  locations  with  respect  to  the  window  of  in¬ 
spection. 

t 

4.  Four  classes  out  of  the  entire  seven  cartographic  feature 
classes  selected  were  detected  and  recognized  without  error  regardless 
of  their  locations  with  respect  to  the  window.  The  rest  of  the  fea¬ 
ture  classes  were  also  classified  correctly  in  a  majority  of  loca¬ 
tions.  However,  misclassifications  occurred  when  these  features  were 
positioned  very  close  to  the  corners  of  the  window.  Nearly  90  percent 
recognition  accuracy  was  obtained  for  the  selected  set  of  the  carto¬ 
graphic  features. 

5.  The  feature  extraction  scheme  presented  can  also  be  implemented  by 
using  a  group  of  analog  signal  processors  together  with  the  appropri¬ 
ate  interfaces. 

6.  Image  rotation  may  be  incorporated  in  the  future  to  refine  the 
scheme  for  detecting  these  cartographic  features  at  a  variety  of 
angles  with  respect  to  the  axes  of  the  window. 
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CHARLES  R.  CHRISTENSEN,  Dr.*  and  RICHARD  L.  HARTMAN,  Dr. 
RESEARCH  DIRECTORATE,  US  ARMY  MISSILE  LABORATORY 
US  ARMY  MISSILE  COMMAND 
REDSTONE  ARSENAL,  ALABAMA  35809 

INTRODUCTION 


A  "super-smart  weapon”  which  outperforms  our  smart  weapons 
just  going  Into  the  field,  yet  is  much  cheaper  than  those  current 
systems?  It  sounds  like  the  answer  to  the  Army’s  prayer  for  a  method 
to  cope  with  a  dramatically  increasing  threat.  We  think  we  have 
demonstrated  the  key  ingredients  of  such  a  system,  through  the  marri¬ 
age  of  a  long-term  fundamental  effort  at  the  Missile  Command,  sigiif- 
Icant  Industrial  developments,  and  recognition  of  how  this  developing 
technology  can  pay  off  for  the  Army. 


Through  the  application  of  some  recent  existing  develop¬ 
ments  in  optical  data  processing,  we  can  now  propose  to  build  a  seek 
er  which  recognizes  a  tank  by  its  image,  homes  on  it,  and  destroys 
it.  The  seeker  autonomously  detects  and  locks  on  the  target,  pro¬ 
vides  guidance  signals,  reacquires  if  the  target  is  lost,  and  re¬ 
targets  if  necessary.  The  sensor  will  fit  in  a  submissile,  wig 
under  a  pound,  consume  less  than  a  watt  of  power,  and  possibly  even 
cost  xjnder  $100! 


m  this  paper  we  will  discuss  the  concept  and  its  appli¬ 
cations  to  set  the  stage  for  our  interest.  The  bulk  of  the  paper 
following  will  dwell  on  the  technological  advances  we  have  made  which 
make  this  concept  feasible. 


CONCEPT 


The  sections  below  will  show  how  we  have  built  an  optical 
computer  which  can: 
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p  Autonomously  acquire  a  target, 
o  Provide  guidance  signals, 
o  Discriminate, 

o  Operate  against  a  variety  of  predetermined  targets, 
o  Reacquire  a  temporary  obscured  target. 

We  will  also  show  a  significant  development  which  will  allow  us  to 
do  this  in  a  small  inexpensive  package. 

Figure  1  demonstrates  the  operation  of  our  laboratory  com¬ 
puter,  The  image  of  the  tank  model  is  the  desired  target.  The 
optical  computer  located  this  target  in  the  input  scene,  ^d  showed 
its  location  in  the  correlator  output  plane. 


1*  Demonstration  of  Optical  Correlation 
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The  optical  computer  could  be  used  with  any  imaging  sensor, 
such  as  radar,  mm,  or  IR.  But  it  has  its  greatest  potential  in  a  di¬ 
rect  visible  role,  and  we  believe  there  are  important  applications 
in  this  role. 

The  conceptual  seeker  takes  the  form  of  Figure  2. 


Figure  2.  The  Optical  Correlator  Seeker  in  a  Visible  Mode 

This  sensor  is  designed  to  correlate  to  a  target  from  the 
top,  as  in  Figure  3.  It  will  recognize  the  target  at  any  orientation 
and  operate  over  a  wide  span  of  distances  to  the  target.  It  can 
recognize  and  discriminate  between  targets  to  about  the  same  degree 
as  a  human  can. 

Unlike  many  other  "top  attack'*  sensors,  the  optical  corre¬ 
lator  does  not  need  to  search  the  field  of  view,  or  search  the  scene 
against  the  reference.  This  allows  it  the  time  to  select  targets  of 
lesser  value,  or  to  pull  a  fly-out  maneuver  to  look  for  targets,  as 
in  Figure  4. 

The  system  could  also  perform  some  damage  assessment,  and 
retarget  if  possible,  as  in  Figure  The  high  resolution  allows  us 
to  detect  smoke,  flames,  or  debris  flying  off. 

One  application  of  our  concept  would  be  a  guided  mortar, 
such  as  GAMP.  The  guided  mortar  provides  the  infantry  company  with 
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tank  killing  firepower.  The  target  probably  will  be  acquired  with 
the  human  eye,  so  the  visible  operation  of  the  optical  seeker  should 
be  acceptable.  The  optical  computer  can  be  configured  to  fit  within 
an  81  mm  package,  and  if  cheap  enough,  could  be  widely  distributed. 


LESS  THAN  1  POUND 
LESS  THAN  1  WATT 
NO  MOVING  PARTS 
PROBABLY  CHEAP 


-  CAPABILITY  EXCEEDS 

VERY  LARGE  DIGITAL  COMPUTER 


-  STATUS  6.1  CRITICAL  BARRIERS 
OVERCOME  AUGUST  1979 


/ 


Figure  3.  The  Simplest  Optical  Correlator  Seeker  Works  on  a  Top  View 


IF  THERE  IS  NO  PRIMARY  TARGET 
IN  THE  FIELD  OF  VIEW, 


OCS  CAN  SWITCH 
TO  SECONDARY  TARGETS 
(E.G.,  APC'S  TRUCKS, 

ETC.,  OR  ROADS) 


IT  COULD  ALSO  SWITCH 
WARHEAD  MODES 


OR,  SINCE  IT  DOES  NOT 
NEED  TO  FALL  TO  SEARCH, 
IT  COULD  PULL  A  FLY-OUT 
MANEUVER 


AND  LOOK  AGAIN 


Figure  4.  Alternate  Targeting  Mode 
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IF  THERE  ARE 
MULTIPLE  TARGETS, 
DCS  SELECTS  ONE 


IF  ONE  IS  HIT. 

DCS  WOULD  REALIZE 

IT,  AND  SWITCH  TO 

OTHER  AVAILABLE  TARGETS 


Figure  5.  Damage  Assessment/De targeting 

A  top  attack  anti-tank  missile  is  another  role.  Concepts 
(FFAST,  Tank  Breaker)  using  top  attack  are  now  popular,  because  of 
the  vulnerability  of  the  tank  on  top.  In  this  concept  a  shoulder 
fired  missile  would  pull  a  preprogrammed  maneuver  to  fly  a  lofted 
trajectory,  and  then  home  on  the  top  of  the  target. 

The  ASSAULT  BREAKER  concept,  or  Corps  Support  Weapon  Sys¬ 
tem,  proposes  to  disperse  submunitions  over  an  area  rich  in  targets. 
Coupled  with  long  range  target  acquisition,  this  system  would  inter¬ 
dict  fighting  material  on  its  way  to  the  front. 

In  this  role  the  exceptional  computing  power  of  the  optical 
computer  comes  into  its  forte.  This  system  automatically  acquires 
and  locks  onto  target.  It  can  discriminate  between  targets  of  in¬ 
terest.  I  can  search  a  stored  reference  target  array,  and  select 
targets  of  highest  value.  It  could  go  after  tanks,  trucks,  buildings, 
roads,  bridges,  or  whatever  is  deemed  of  value. 

We  optimistically  expect  that  a  given  missile  platform 
could  carry  more  submunitions  using  t\iis  technology,  yet  at  a  greatly 
reduced  cost.  The  higher  versatility  effectiveness  of  the  optical 
system  means  it  would  be  so  effective  that  it  would  be  worth  having, 
even  if  it  didn't  work  in  fog.  Inclusion  of  a  few  flares  in  the 
payload  would  provide  for  night-time  operation.  In  Europe,  morning 
fog  can  be  quite  prevalent,  and  last  long  enough  for  tactical  usej 
but  an  interdiction  role  may  allow  early  lise  of  the  weapon  system  or 
waiting  a  few  hours  for  the  right  conditions. 
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COHERENT  OPTICAL  CORRELATION 

Cross-cotrelation  is  a  very  effective  method  for  recog- 
nizing  images.  The  advantages  of  using  optical  processing  for 
cross-correlation  are  due  to  the  large  information  handling  capacity 
of  optical  systems.  A  modest  system  can  process  scenes  having  over 
107  resolution  elements.  Such  a  system  handles  two-dimensional  data 
isotropically  and  in  parallel  with  the  processing  time  determined 
by  the  time  required  for  data  input  and  output.  The  large  capacity 
of  optical  storage  media  can  be  used  to  provide  rapid  access  to  a 
large  number  of  reference  images. 

The  cross-correlation  function  is  defined  as 
00  00 

RfgCn.C)  “  j  I  f(x,y)g(x-Ti,  y-Odx  dy  .  (1) 

0  0 

In  this  equation,  f(x,y)  describes  a  signal  image  (the  real-time 
scene),  and  g(x,y)  describes  a  reference  (the  desired  target). 
Rfg(n,5)  then  describes  how  well  the  two  match,  arid  the  location  of 

a  target  in  the  scene. 

This  cross-correlation  can  be  calculated  through  the  use 
of  Fourier  transforms, 

00  oo 

RfgCn.O  “  ^  J  F(p,q)G*(p,q)  exp  |^-i(pn  +  q5)j  dp  dp  (2) 
—00  -00 

where  the  Fourier  transform  of  f(x^y)  is  defined  as 

F(p.q)  =^[f(x,y^  =  JJ f(x,y)  exp  |^-i(px  +  qy)J  dx  dy  ,  (3) 

and  G*  is  the  complex  conjugate  of  the  Fourier  transform  of  g(x,y). 

To  implement  (2)  using  optical  techniques,  an  optical  sys¬ 
tem  such  as  the  one  shown  in  Figure  6  is  used.  The  reference  scene 
g(x,y)  is  placed  in  the  front  focal  plane  of  the  lens  LI  and  illumi¬ 
nated  by  coherent  light;  the  Fourier  transform  G(p,q)  appears  in 
the  back  focal  plane.  As  can  be  seen  in  Figure  6,  a  reference  beam 
is  used  to  holographically  record  G  ,  l.e.,  the  amplitude  and 
phase  of  G  are  recorded.  The  input  can  now  be  changed  to  f(x,y) 
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as  shown  in  Figure  6(b).  The  hologram  in  the  back  focal  plane  of  LI 
diffracts  the  product  of  Fourier  transforms  FG*  along  the  optical 
axis  of  L2.  The  lens  L2  forms  the  inverse  Fourier  transform,  i.e., 
R(r|,0  i*i  lbs  back  focal  plane. 


CORRELATION 


Figure  6.  The  Optical  Correlator 

This  process  was  demonstrated  above  in  Figure  1.  The 
image  of  a  tank  model  was  used  to  form  the  reference  filter  as  illus¬ 
trated  in  Figure  1(a).  This  reference  filter  was  matched  against 
the  input  scene  containing  the  tank  as  shown  in  Figure  1(b).  The 
correlator  input,  a  spot  of  light  in  a  dark  background,  is  shown 
in  Figure  1  at  the  same  scale  as  the  input  scene.  The  presence  of 
the  correlation  spot  identifies  that  the  tank  in  the  input  scene  is 
the  same  as  the  reference  and  the  location  of  the  spot  designates 
the  location  of  the  tank  in  the  scene.  The  small  size  of  the  corre¬ 
lation  spot  indicates  the  precision  with  which  the  tank  can  be  lo¬ 
cated.  A  measure  of  this  precision,  the  half-width  at  half-height 
of  a  trace  through  the  correlation,  was  1/12  of  the  tank  width  in 
this  example;  and  the  signal/noise  limited  accuracy  was  1/50  of  the 
tank  width.  ' 

The  laboratory  correlator  used  in  these  experiments  has 
been  described  previously  U).  A  major  breakthrough  a  few  years  ago 
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was  the  development  of  real-time  data  Input  through  use  of  a  liquid 
crystal  light  valve  (2,3).  MICOM  participated  in  the  funding  of 
this  development.  The  ll^t  source  Is  a  He-Ne  laser  operating  at 
633  nm  or  a  GaAlAs  diode  Injection  laser  operating  at  820  nm.  Ref¬ 
erence  filters  are  recorded  on  photographic  plates  with  a  He-Ne  laser. 
When  correlating  with  a  diode  laser  source,  a  scale  change  of  the  In¬ 
put  Image  is  required  to  compensate  for  the  change  In  wavelength  from 
that  used  In  filter  recording. 

Composite  Filter 

Earlier  attempts  at  correlation  guidance  were  sensitive  to 
angular  orientation.  Filter  multiplexing  was  tried  as  a  way  to  solve 
this  problem  (4-5).  Several  reference  filters,  each  of  a  different 
perspective  of  the  vehicle,  were  recorded  at  the  same  spatial  loca¬ 
tion  in  the  Fourier  transform  plane.  The  exposure  time  of  each  of 
the  N  multiplexed  filters  was  T/N,  where  T  Is  the  exposure  time  for 
a  single  reference  filter.  Since  only  vehicle  recognition  and  lo¬ 
cation  Is  required,  the  correlation  functions  of  the  superimposed 
filters  coincide  in  the  output  plane. 

Figure  7  shows  a  polar  plot  of  the  relative  correlation 
peak  amplitude  for  an  eight-fold  multiplexed  filter.  Images  of  the 
vehicle  are  displayed  around  the  polar  plot  In  Figure  7  to  aid  In 
visualization.  Arrows  on  the  graph  Indicate  the  orientation  used  In 
recording  the  eight  superimposed  filters.  The  single  reference  fil¬ 
ter  produced  a  correlation  peak  whose  amplitude  remained  above  40% 
of  Its  maximum  over  a  50^  angular  change.  The  eight-fold  multiplexed 
filter  demonstrated  similar  performance  over  360°.  This  technique 
has  solved  the  angular  orientation  problem. 

A  four-fold  multiplexed  filter  demonstrated  similar  perfor¬ 
mance  but  the  correlation  peak  dipped  below  40%  of  the  maximum  value 
at  two  orientations.  The  choice  of  different  recording  positions  and 
adjustment  of  Individual  filter  exposure  levels  could  make  the  angu¬ 
lar  response  curve  much  more  uniform. 

A  similar  experiment  successfully  compensated  for  angle- 
of-vlew  change  In  elevation.  The  technique  of  multiplexing  is  ex¬ 
pected  to  work  equally  well  for  change  of  scale  to  operate  over  a 
variety  of  ranges  to  the  target. 

Discrimination 


Does  multiplexing  destroy  the  filter's  capacity  to 
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discriminate  between  various  objects?  A  simple  test  was  performed 
to  compare  the  ability  of  the  filter  to  discriminate  against  a  diff¬ 
erent  model.  The  results  of  this  test  are  shown  in  Figure  8,  where 
a  single  TV  line  through  the  correlation  peak  is  displayed  for  the 
case  when  the  input  image  was  Itodel  A  and  when  the  image  was  Model  B 
Model  B  was  used  to  construct  the  filters. 


\  0 

8  FILTERS 

0--0 

1  FILTER 

_ _ 

RECORDED  FILTER 

POSITION 

Figure  7.  Correlation  at  any  Aspect  Angle  with  Multiplex  Filter 

The  maximum  peak  amplitude  for  the  eight-fold  multiplex 
filter  was  unexpectedly  high:  one-fourth  the  amplitude  obtained  when 
using  a  single  filter.  Linear  recording  theory  predicts  that  the 
correlation  peak  should  drop  to  1/N^  of  that  of  a  single  filter  for 
single  filter  contributions,  or  to  1/N  of  that  of  a  single  filter  for 
simultaneous  filter  contributions  (N  is  the  number  of  superimposed 


tanks,  armored  personnel  carriers 
ed.  A  two-channel  correlator  has 
tracking  (4). 
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Figure  9.  Multichannel  Optical  Correlator 

Diode  Laser  Sources 

One  of  the  major  barriers  to  fielded  application  of  opti¬ 
cal  computers  Is  the  use  of  large,  non-rugged  gas  lasers  for  the 
light  source.  We  have  solved  this  problem  by  designing  and  demon¬ 
strating  a  correlator  which  works  with  room  teiq»erature  cw  diode  in¬ 
jection  lasers.  These  lasers  typically  have  an  output  power  of 
10  mW  at  820  nm  wavelength  and  require  approximately  200  ma  at  2.5V 
or  0.5W  of  input  power.  The  microscopic  size  and  low  power  consianp- 
tlon  of  these  lasers  make  them  suitable  as  light  sources  in  a  multi¬ 
channel  correlator.  A  correlator  with  up  to  a  5  X  5  elera«it  source 
array  addressing  a  corresponding  reference  filter  array  is  feasible 
(10).  Suitable  diode  laser  arrays  are  available  from  manufacturers. 
The  IR  wavelength  and  limited  coherence  of  currently  available  diode 
lasers  make  them  direct-holographic-recording  impossible.  However, 
we  have  developed  an  indirect  technique  for  making  filters  for  use 
in  a  diode  laser  correlator. 

The  light  source  temporal  and  spatial  coherence  require¬ 
ments  for  coherent  optical  correlation  have  been  analyzed  previously 
(11,4) .  Relatively  low  source  coherence  is  required  for  low  resolu¬ 
tion  input  imagery. 

The  maximum  spectral  width,  AX^  ,  that  will  have  a  negli¬ 
gible  effect  on  the  correlation  is 

^^m  -  -r  » 

where  Xq  is  the  light  source  wavelength  and  N  is  the  ntM>er  of 
resolvable  points  across  the  image  input  to  the  correlator.  For 
correlation  on  an  entire  TV  screen  input  using  a  diede  laser  with  X© 
m  820  nm,  the  maxlmim  spectral  b«mdwldth  is  820  nm/ 512  or  1.6  nm. 

In  practice  the  temporal  coherence  requirements  are  aaich  less  than 
this  due  to  lower  input  image  resolution  and  due  to  the  lower  spatial 
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frequency  distribution  recorded  on  the  filter. 

A  change,  S  ,  in  input  scale  is  equivalent  to  a  wavelength 

change 


therefore,  the  measured  scale  change  tolerances  can  be  used  to  deter'- 
mine  the  spectral  width  tolerances  for  the  correlator  light  source. 
Our  earlier  work  indicated  a  +  8%  scale  change  tolerance  for  vehicle 
recognition  (4,8),  so  the  light  source  bandwidth  can  be  0.16  X  or 
130  nm.  Diode  laser  spectral  bandwidths  are  2  nm  or  less,  ^ 

The  spatial  choerence  or  source  size  requirements  can  be 
determined  by  measuring  the  tolerance  of  the  correlation  to  lateral 
filter  displacement.  A  filter  displacement  is  equivalent  to  a  source 
displacement  scaled  by  the  ratio  of  the  transform  lens  and  collimat¬ 
ing  lens  focal  lengths.  In  previous  experiments  (4)  using  a  coherent 
helium-neon  laser  source,  a  +  12  ym  filter  displacement  resulted  in 
no  more  than  a  3  dB  decrease  in  correlation  amplitude,  indicating 
that  a  24  ym  diameter  source  would  be  acceptable.  An  advantage  of 
using  a  less  spatially  coherent  source  is  that  the  matched  filter 
alignment  requirements  are  reduced  (11,12),  Matched  filter  correla¬ 
tion  using  a  large  spatically  noncoherent  source  has  been  demonstra¬ 
ted  (13) , 

These  considerations  indicate  that  even  light  emitting  di¬ 
odes,  with  30  nm  spectral  width  and  200  ym  diameter  emitting  area, 
have  adequate  temporal  and  spatial  coherence  for  optical  matched  fil¬ 
ter  correlation.  Light  emitting  diodes  will  be  evaluated  in  future 
work. 


A  comparison  between  coherent  optical  matched  filter  correr* 
lation  using  a  helium-neon  laser  and  a  diode  laser  is  shown  in  Figure 
10,  The  photograph  of  the  automobile  was  used  to  make  a  reference 
filter.  This  picture  was  autocorrelated  using  a  helium-neon  and  di¬ 
ode  laser  source  with  approximately  10  mW  output  power.  Traces 
through  the  correlation  spots  obtained  with  the  two  sources  are  shown. 
The  correlation  linewidths  are  the  same,  as  is  expected  from  the  prer* 
ceding  discussion  of  coherence  requirements.  This  filter  was  able  to 
track  the  vehicle  as  it  moved  across  the  scene,  to  better  than  l/20th 
the  vehicle  size. 
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Figure  10.  Performance  of  the  Diode  Laser  Correlator 

Packaging  of  a  correlator  in  a  configuration  that  can  be 
fitted  in  a  small  missile  was  also  considered.  Two  miniature  corre¬ 
lators  were  designed,  one  a  cylindrical  package  with  the  image  input 
at  the  center  and  the  other  rectangular  with  the  input  at  one  end. 

Figure  2  showed  a  correlator  folded  into  a  100  mm  diameter 
cylindrical  package.  The  input  device  is  an  optically  addressed 
liquid  crystal  light  valve.  The  correlator  output  is  detected  by  a 
solid  state  CCD  detector  array. 

Figure  ll  shows  a  correlator  design  contained  within  a 
transparent  solid,  This  monolithic  construction  increases  mechanical 
rigidity  and  ruggedness  and  eliminates  the  possibility  of  optical 
surface  contamination,  If  an  electronic  input  coherent  light  modu¬ 
lator  Cl^)  is  used,  imaging  lens  would  be  eliminated.  This  corre¬ 
lator  is  compact  enough  to  fit  within  an  81  mm  mortar  projectile. 
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IMAGING 

LENS 


I 


Figure  11.  A  Monolithic  Optical  Correlator 
CONCLUSIONS 

The  developments  In  the  field  of  optical  data  processing 
over  the  past  few  years  make  this  a  technology  ripe  for  exploitation 
by  the  Army.  The  work  described  In  this  paper  has  demonstrated  a  way 
of  making  optical  computers  practical  for  missile  applications.  There 
will  be  spin-off  to  other  areas.  Including  navigation  and  helicopter 
hover  control.  As  we  develop  more  sophisticated  multichannel,  multi¬ 
plex  devices,  we  expect  to  demonstrate  fire  and  forget  guidance  for 
direct  fire  missiles. 
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THE  ADSORPTION  AND  ELECTROOXIDATION  OF  SIMPLE  HYDROCARBONS 
FOR  DIRECT  OXIDATION  HYDROCARBON- AIR  FUEL  CELLS  (U) 


AMOS  J.  COLEMAN,  MR. 

US  ARMY  MOBILITY  EQUIPMENT  FESEARCH  AND  DEVELOPMENT  C0J®1AND 
FORT  BELVOIR,  VIRGINIA  22060 


INTRODUCTION 

The  development  of  new  and  more  sophisticated  tactical 
weapon  systems  mandates  that  reliable  electrical  power  soiirces  are 
also  available.  The  ideal  tactical  power  sovirce  should  be  silent, 
lightweight  and  mobile.  A  fuel  cell  system  would  meet  these  re¬ 
quirements.  Hydrogen- air  fuel  cells  are  now  being  considered  for 
deployment  for  the  near  future.  In  order  to  obtain  hydrogen  rich 
mixtures  for  fuels,  these  fuel  cell  systems  must  be  equipped  with 
one  of  the  following;  hydrogen  storage  devices,  thermal  crackers, 
steam  reformers,  or  partial  oxidizers.  A  direct  oxidation  hydrocar¬ 
bon-air  fuel  cell  would  be  more  attractive,  since  it  would  eliminate 
the  above  items  and  result  in  a  lighter,  less  complex  systaoti.  A 
fuel  cell  system,  which  could  operate  interchangeably  on  a  variety 
of  fuels,  would  be  an  added  benefit.  This  report  describes  the 
research  effort  at  MERADCOM  to  develop  such  a  system.  The  overall 
objective  is  to  provide  the  basic  information  required  for  the 
development  of  a  direct  oxidation  hydrocarbon-air  fuel  cell. 

A  fuel  cell  is  an  electrochemical  system  which  converts 
the  free  energy  of  a  chemical  reaction  between  a  fuel  and  eui  oxi¬ 
dant  directly  to  electrical  energy.  The  electrochemical  path  of  a 
satiirated  hydrocarbon  in  a  fuel  cell  may  be  summarized  as  shown  in 
Figure  1.  A  hydrocarbon  is  adsorbed  on  the  anode  to  form  an  adsorb¬ 
ate  by  a  reaction  as  shown  in  either  1-a  or  1-b.  The'  adsorbate  is 
subsequently  oxidized  according  to  reaction  2  to  yield  carbon  dioxide, 
hydrogen  ions  euid  free  electrons.  These  electrons  can  flow  through 
an  external  circuit  to  the  cathode  where  they  react  with  oxygen  as 
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shc3wn  in  reaction  3.  If  no  side  reactions  occur,  the  overall  elec¬ 
trooxidation  process  is  as  shown  by  reaction  4.  However,  important 
problems  have  persisted  in  developing  efficient  catalysts  for  these 
reactions.  Even  on  platinum,  one  of  the  best  catalysts  available, 
the  rate  of  fuel  oxidation  has  been  less  than  that  possible  under 
mass  transfer  control.  It  was  the  specific  objective  of  this  re¬ 
search  to  make  a  mechanistic  study  of  the  anode  reaction  in  hopes 
of  finding  the  key  to  inproving  the  reaction  kinetics. 

PROBABLE  REACTION  PATH  FOR  HYDROCARBON  OXIDATION 


ANODE: 

OR 


CATHODE: 

OVERALL: 


CnH(2n+2)®“’“^C„H,2n+2r°'"'-^IADSORBATE|  (1-a) 

H20(ads)  +CnHj2n  +  2)“*" 

[ADSORBATE)— ^0002+  (6n  +  2)H‘^  +  (6n  +  2)e"  (2) 

(n  +  2)  O2+  (6n  +  2)H'*’  +  (6n  +  2)e“— ►  (6n  +  2)H20  (3) 

(6n  +2)H ^  ^2  » n CO 2  (6n  +  2)  H2O  (4) 


Figure  1.  Probable  reaction  path  for  the  electrooxidation 
of  a  saturated  hydrocarbon. 

Earlier  studies have  shown  that  hydrocarbons 
adsorb  and  form  carbonaceous  species  on  platinum  electrodes  at 
potentials  greater  than  0.1  V  vs  Reversible  Hydrogen  Electrode 
(RHE) .  Brummer^^'  '  has  shown  that  these  species  can  be  classified 
in  three  general  types  which  he  labeled  as  CH-  a,  CH-  3  and  0-  type. 
He  discoxanted  the  CH  -  3  specie  as  an  active  participant  in  the  over¬ 
all  oxidation  or  reduction.  This  left  the  CH-a  and  0-type  for 
consideration.  The  role  of  these  species  in  the  overall  oxidation 
reaction  has  been  discxassed  by  Brximmer(^)  .  The  observation  by  Adams 
and  Barger that  higher  rates  of  propane  oxidation  were  attained 
in  trifluorometh'anesulfonic  acid  opens  the  possibility  that  these 
species  are  influenced  by  the  electrolyte.  Therefore,  this  inves¬ 
tigation  was  undertaken  to  compare  the  amounts  of  these  adsorbates 
n  two  electrolytes.  Since  the  electrode  is  an  important  component 
a  fuel  cell,  two  electrode  structiares  were  also  compared. 
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Figure  2.  The  electrochemical  cell  and  controls. 
EXPERIMENTAL 

Apparatus  and  Materials.  The  electrochemical  cell  and 
control  circuitry  are  shown  in  Figure  2.  The  cell  was  a  conven¬ 
tional  three  compartment  half-cell  normally  used  in  electrochemical 
investigations.  Each  compartment  is  continuously  flushed  with 
humidified  nitrogen  to  expel  oxygen  from  the  electrolyte.  The 
counter  electrode  was  a  high  surface  area  platinized  platinum 
screen.  The  reference  electrode  was  the  autogenous  hydrogen  elec¬ 
trode  described  by  Giner^^^  and  was  10  mv  cathodic  to  the  reversi¬ 
ble  hydrogen  electrode.  Two  types  of  Teflon-bonded  gas  diffusion 
fuel  cell  electrodes  were  used  as  the  working  electrodes.  One  con¬ 
tained  4  mg/cm^  of  platiniam-black  as  the  catalyst  while  the  other 
used  carbon-supported  platinum  with  a  loading  of  0.62  mg  Pt/cm^  as 
the  catalyst.  A  circular  section  of  the  electrodes  was  mounted  in 
a  Teflon  holder  which  also  served  as  the  gas  supply. 

The  electrolytes  were  phosphoric  acid  and  trifluorometh- 
anesulfonic  acid  (TFMSA) .  The  phosphoric  acid  was  treated  with 
hydrogen  peroxide  and  solutions  of  the  desired  compositions  were 
made  by  adding  distilled  water.  The  TFMSA  was  distilled  and  the 
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fraction  between  160-  161^0  was  retained  for  dilution.  The  solu¬ 
tions  were  pre-electrolyzed  prior  to  use  with  a  high  surface  area 
platinized  platinum  electrode  which  was  potentiostated  at  0.4  V  vs 
RHE  for  16  hours. 


GALVANOSTATIC  CHARGING  CURVES 


POTENTIAL  SEQUENCE  ^  POTENTIAL  SEQUENCE 

1.35V 


Figure  3.  Potential  sequences  and  resulting  charging  curves. 


Experimental  Procedures.  The  e3q)erimental  procedure  is 
similar  to  the  galvanostatic  method  devised  by  Brummer,  Ford  and 
Turner.  It  consists  of  using  a  sequence  of  potentiostatic  and 
galvanostatic  pulses  to  measure  surface  coverages  and  amounts  of 
reactants  adsorbed.  The  potential  sequences  and  resulting  curves 
are  diagrammed  in  Figiare  3.  The  electrode  is  held  at  a  potential 
where  any  impurity  or  previously  adsorbed  material  is  oxidized/ 
usually  1.35  V  vs  RHE,  and  followed  by  a  potentiostatic  pulse  to 
0.5  V  vs  RHE  to  reduce  the  oxide  film  and  leave  a  clean  surface 
for  adsorption.  The  electrode  is  then  raised  to  the  potential  of 
interest  (Ea)  and  the  reactant  allowed  to  adsorb  for  a  specified 
time.  After  removing  the  excess  reactant,  an  anodic  galvanostatic 
pulse  is  applied  to  oxidize  the  adsorbate.  The  time  required  to 
anodically  oxidize  the  electrode  and  adsorbate  (tTOTAb)  be 
followed  by  recording  the  potential  vs  time  (trace  2,  Figure  3) . 


388 


COLEMAN 


When  no  reactant  is  present^  only  the  electrode  is  oxidized  and  a 
background  curve  is  obtained  (trace  1).  Using  these  curves#  the 
time  required  to  oxidize  the  adsorbate  (t^)  can  be  computed  from 

■^A  ~  "^TOTAL  "■  "^ox 

Since  the  applied  current  (i)  is  known,  the  amount  of  adsorbate 
can  be  computed  in  terms  of  the  oxidizable  charge  (Q^)  required  to 
remove  the  adsorbate. 


=  i  X  t^ 

A  similar  sequence  of  potentials  is  used  with  a  cathodic 
pulse  to  obtain  a  cuirve  as  shown  by  trace  3.  This  curve  follows 
the  adsorption  of  hydrogen  atoms  on  the  platinum  electrode.  From 
the  adsorption  time  (t^) ,  the  charge  for  depositing  hydrogen  atoms 
(Qjj)  can  be  computed.  The  surface  area  of  the  electrode  was  com¬ 
puted  by  assuming  a  monolayer  of  hydrogen  corresponds  to  210  ycoul/ 
cm^.  Unless  otherwise  stated,  all  measurements  are  referred  to  this 
area.  The  fraction  of  surface  covered  by  the  hydrocarbon  material 
is  also  measured  using  a  cathodic  galvanostatic  pulse.  The  ratio 
of  ty  obtained  after  adsorption  to  ty  obtained  from  a  clean  elec¬ 
trode  under  helixxm.  gives  the  fraction  of  sour  face  occupied  by  hydro¬ 
carbon  atoms  (0h) •  The  fraction  covered  by  the  hydrocarbon  is  (1- 
0|j) .  The  general  background  for  this  method  has  been  discussed 
earlier. 

Cur rent- volt age  curves  were  measured  by  potentiostating 
the  electrode  at  the  adsorption  potential  with  the  reactant  flow¬ 
ing  through  the  gas.  cavity  until  steady-state  was  reached,  usually 
about  10  minutes,  and  the  current  recorded.  Background  curves  were 
measured  over  the  same  potential  range  and  siibtracted  from  the  cur¬ 
rent  data. 

RESULTS  AND  DISCUSSION 

The  efficiency  of  a  hydrocarbon-air  fuel  cell  is  highly 
dependent  on  the  adsorption  characteristics  and  oxidation  kinetics 
of  the  organic  molecule  used  for  fuel.  Several  investigators  have 
examined  the  oxidation  of  organic  molecules  under  electrochemical 
conditions. (2,3,4)  of  general  interest  is  propane  because  of  its 
availability  and  relatively  low  cost.  Earlier  studies  with  propane 
adsorbed  on  solid  electrodes  have  shown  that  the  mechanism  involves 
the  dissociation  of  the  molecule  into  a  number  of  fragments  which 
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immediately  adsorb  on  the  electrode  siarface.  The  evidence  indicates 
that  the  adsorbate  is  composed  of  several  carbonaceous  species  in 
various  states  of  oxidation.  The  nature  of  these  species  and  their 
possible  roles  in  the  overall  reaction  scheme  has  been  discussed 
previously. There  is  the  likelihood  that  the  most  highly  oxy¬ 
genated  specie  is  the  most  preferred  in  terms  of  ease  of  subsequent 
oxidation  to  carbon  dioxide.  Therefore,  it  is  desirable  to  determine 
if  the  concentration  of  this  specie  is  affected  by  the  electrolyte 
medium  and  the  electrode  structure. 

Several  esqseriments  were  performed  to  measure  the  extent 
of  adsorption  of  propane  and  methane  on  platinum  electrodes  from 
phosphoric  acid  and  trifluoromethanesulfonic  acid  electrolytes. 
Galvanostatic  charging  curves  were  used  to  estimate  the  amount  of 
adsorbate  formed  as  a  function  of  potential  at  steady-state  cover¬ 
age  on  platinum-black  and  carbon-supported  platinum  fuel  cell  elec¬ 
trodes.  The  amount  of  adsorbate  was  measured  in  terms  of  the  amount 
of  charge  per  square  centimeter  required  to  oxidize  the  residue. 

Rates  of  oxidation,  where  feasible,  were  also  measured  for  each 
electrode-electrolyte  system.  A  nimiber  of  preliminary  experiments 
were  performed  for  each  electrode-electrolyte  system,  where  the 
adsorption  time  was  varied  and  the  amount  of  residue  measured,  to 
determine  when  steady-state  was  reached.  The  time  of  maximiam  ad¬ 
sorption  was  a  function  of  potential  up  to  about  5  minutes,  but  in 
all  cases,  it  was  attained  after  10  minutes.  All  additional  steady- 
state  experiments  were  carried  out  for  this  time. 

Two  types  of  residues  were  observed,  one  cathodically 
desorbable  and  another  which  could  only  be  removed  by  strong  oxi¬ 
dation.  The  cathodically  desorbable  residue  has  been  labeled  as 
the  CH-a  and  is  probably  in  a  highly  reduced  state.  The  cathodi¬ 
cally  non-desorbable  residue  is  considered  to  be  a  combination  of 
the  previously  mentioned  CH-  3  and  0-  type  species. 

Adsorption  of  Propane.  The  total  amount  of  residues 
adsorbed  from  the  steady-state  Adsorption  of  propane  as  a  function 
of  potential  is  shown  in  Figure  4.  Maximiam  adsorption  is  observed 
from  14.7  M  H3PO4  onto  platinxmi-black  electrodes.  Comparing  electro¬ 
lytes  of  eqml  acid  strength,  i.e.,  5.6  M  H3PO4  and  5.6  M  CF3SO3H, 
more  adsorption  occurs  on  the  platinum-black  with  CF3SO3H  as  electro¬ 
lyte.  At  the  more  cathodic  potentials,  beyond  0.3  V,  more  propane 
is  adsorbed  on  the  carbon-supported  platinum  electrode  than  on  the 
platinum-black  electrode  from  H3PO4,  although  it  is  slightly  less 
than  that  adsorbed  onto  platinum-black  from  CF3SO3H.  Measurements 
of  the  surface  coverage  of  the  total  adsorbate  were  not  possible 
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Figure  4.  Total  propane  adsorbate  vs  potential; 

(1)  Pt-blk  -  14.7  M  H3PO4,  (2)  Pt-blk  -  5.6  M  H3PO4, 

(3)  Pt-blk  -  5.6  M  CF3SO3H,  (4)  Pt-C  -5.6  M  H3PO4. 

since  the  CH  -  a  species  are  rapidly  desorbed  following  application 
of  the  cathodic  galvanostatic  pulse.  This  is  not  the  case  with  the 
cathodically  non-desorbable  species  and  the  amounts  adsorbed  along 
with  the  surface  coverage  were  measured  for  these  species.  These 
data  are  shown  in  Figures  5  and  6.  Examination  of  these  plots  show 
that  generally  there  is  increased  adsorption  from  the  CF3SO3H  and 
onto  the  carbon— supported  platinum  electrodes.  There  is  also  an 
increase  in  the  accumulation  of  the  cathodically  non-desorbable 
residue.  The  maximm  coverage  is  observed  for  platinum-black  from 
CF3SO3H  with  approximately  50%  of  the  siirface  covered  between  0.4 
and  0.6  V.  The  carbon-supported  electrodes  required  approximately 
the  same  amount  of  charge  to  oxidize  the  residues,  but  they  had  much 
less  coverage.  The  anodic  and  cathodic  data  were  further  used  to 
characterize  this  residue.  From  the  ratio  of  to  (1  -  ©g) (210  x 
10"®)  the  nimiber  of  electrons,  [e],  per  occupied  site  of  platinum 
required  to  oxidize  the  residue  to  CO2  was  estimated.  These  data 
are  summarized  as  a  f motion  of  potential  for  each  electrode¬ 
electrolyte  system  in  Table  1.  The  values  for  the  phosphoric  acid/ 
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Table  1 

.  Average  Number  of  Electrons  Per  Occupied  Site 
of  Platinum  for  Non- Desorbable  Adsorbates  of 
Propane  and  Methane 

Average  Number  of  Electrons /Site 

Adsorbent 

Electrode 

Potential 

(Volt) 

14.7  M 

H3PO4 

Pt-blk 

5.6  M 
H3PO4 
Pt-blk 

5.6  M 

CF3SO3H 

Pt-blk 

5.6  M 
H3PO4 
Pt-C  . 

5.6  M 

CF3SO3H 

Pt-C 

C3H8 

0.2 

2.3 

1.5 

6.7 

2.1 

0.3 

3.0 

2.2 

6.6 

3.6 

0.4 

3.5 

2.3 

6.6 

5.3 

0.5 

2.8 

6.0 

1.9 

3.7 

6.5 

CH4 

0.2 

2.5 

2.2 

0.3 

3.3 

i-7 

0.4 

2.8 

2.1 

0.5 

2.7 

2.5 

_ _ 1 

platinum-black  system  range  from  2-4  while  the  values  for  the  tri- 
fluoromethanesulfonic  acid/platinum-black  system  averaged  about  2 
at  all  potentials.  The  low  values  of  [e]  suggest  a  highly  oxidized 
specie;  for  example,  a  value  of  2  would  indicate  a  CO  specie.  The 
higher  values  observed  for  carbon-supported  platinum  in  both  elec¬ 
trolytes  infers  that  the  residue  contains  species  which  are  in  a 
more  reduced  state.  It  is  also  possible  that  these  electrodes 
contain  a  mixture  of  adsorbates  with  different  oxidation  states. 
Although  not  clearly  definitive,  the  evidence  indicates  that  both 
the  electrode  and  electrolyte  affects  the  adsorption  characteristics 
of  propane. 

Adsorption  of  Methane.  Methane  adsorbs  to  a  lesser  extent 
than  propane  in  all  cases.  The  adsorption  and  fractional  coverage 
as  a  function  of  electrode  potential  are  stimmarized  in  Figures  7  and 
8  respectively.  No  cathodically  desorbable  residues  were  detected 
from  the  adsorption  of  methane.  Several  similarities  between  the 
non-cathodically  desorbable  residues  from  the  adsorption  of  propane 
and  the  residues  from  methane  are  noted.  The  amoimts  of  surface 
residues  and  coverage  varies  with  the  electrode  potential  and  is 
greater  in  CF3SO3H  than  in  H3PO4.  The  amounts  adsorbed  on  the 
carbon-supported  platinum  is  greater  than  on  platinum-black.  The 
average  number  of  electrons  is  also  2-3  per  platinum  site.  This 
observation  indicates  that  the  molecular  species  comprising  the 
residue  could  be  the  same  as  the  cathodically  non-desorbable  ad¬ 
sorbate  formed  from  propane. 


393 


COLE^IAN 


Figure  7.  Methane  adsorbate  vs  potential;  (1)  Pt-blk 
14.7  M  H3PO4,  (2)  Pt-blk  -  5.6  M  H3PO4,  (3)  Pt-blk 
5.6  M  CF3SO3H,  (4)  Pt-C  -  5.6  M  H3PO4. _ 

POTENTIAL  SEQUENCE 


1.35  V 


Figure  8.  Fraction  coverage  of  methane  adsorbate  vs 
potential;  (1)  Pt-blk  -  14.7  M  H3PO4,  (2)  Pt-C  -  5.6  M 
H3PO4,  (3)  Pt-C  -  5.6  M  CF3SO3H. 
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Rates  of  Oxidation.  Figure  9  shows  the  steady-state 
potential-current  density  plots  of  the  two  electrode  structures 
with  propane  and  methane  in  H3PO4  and  CF3SO3H.  The  electrooxida— 
tion  rate  is  greater  in  CF3SO3H  than  in  H3PO4  for  the  same  elec¬ 
trode  structure  while  the  platinum-black  electrode  has  a  greater 
oxidation  rate  than  carbon-supported  platinum  in  the  same  electro' 
lyte.  The  limiting  current  density  for  propane  in  5.6  M  CF3SO3H 
on  carbon- svtppor ted  platinum  is  15  ya/cm^  while  the  value  on 
platinum— black  is  27  ya/cm^.  Only  3  ya/cni  was  observed  for 
platinum-black  in  14.7  M  H3PO4.  This  represents  a  substantial 
increase  when  it  is  considered  that  the  temperature  was  250C  in 
the  former  case  and  80Oc  in  the  latter. 


Figure  9.  Potential-current  density  curves  for  steady- 
state  electrooxidation  of  methane  and  propane;  (1)  Pt-blk  - 
14.7  M  H3PO4,  (2)  Pt-C  -  5.6  M  H3PO4,  (3)  Pt-blk  -  5.6  M 
CF3SO3H,  (4)  Pt-C  -  5.6  M  CF3SO3H,  (5)  Pt-blk  -  5.6  M 
CF3SO3H. 

SUMMARY  AND  CONCLUSION 

The  findings  from  this  investigation  are  summarized  as 

follows: 
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(1)  Hydrocarbons  are  adsorbed  on  practical  fuel  cell 
electrodes  in  a  similar  manner  as  on  solid  electrodes.  The  amount 
adsorbed  at  steady-state  is  potential  dependent. 

(2)  Propane  produces  two  types  of  adsorbates,  one  which 
is  cathodically  desorbable.  Methane  residues  contained  only  one 
molecular  specie,  which  is  similar  to  the  0-  type  from  propane. 

(3)  Increased  adsorption  was  observed  in  trifluorometh- 
anesulfonic  acid  than  in  H3PO4.  Higher  oxidation  rates  were  also 
obtained  in  the  former  electrolyte. 

(4)  Increased  adsorption  was  measured  on  the  carbon- 
supported  platinum  electrodes  although  the  adsorbates  on  these 
electrodes  were  in  a  more  reduced  state  than  those  on  platinm- 
black. 

It  is  concluded  that  the  rate  of  electrochemical  oxidation 
of  simple  hydrocarbon  molecules  is  highly  dependent  on  electrolyte 
environment  as  well  as  the  catalyst  structure.  By  developing  spe¬ 
cific  catalysts  and  electrolytes,  highly  reactive  intermediates  could 
be  produced  which  oxidize  at  rates  fast  enough  to  make  a  hydrocarbon- 
air  fuel  cell  practical. 
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SPATIAL  COHERENCE  AND  INTENSITY  PROPERTIES  OF 
QUASIHOMOGENEOUS  OPTICAL  SOURCES  ^U) 


EDWARD  COLLETT,  Ph.D. 

US  ARMY  ELECTRONIC  RESEARCH  AND  DEVELOPMENT  COMMAND 
FORT  MONMOUTH,  NEW  JERSEY  07703 


(U)  Until  1960  there  existed  only  Incoherent  sources  in  the  fom 
of  arc  lamps  and  discharge  lamps.  The  most  striking  characteristic  of 
these  optical  sources  is  that  in  addition  to  being  incoherent,  they 
radiate  omnidirectionally.  In  1960  a  new  type  of  light  source,  now 
known  as  the  laser,  appeared.  Remarkably,  this  new  optical  radiation 
source  had  properties  which  are  distinctly  opposite  to  those  of  incoh- 
rent  sources.  These  properties  are  intense  brightness,  monochromaticity, 
total  coherence  and  very  narrow  directionality  or  unidirectionality  of 
the  laser  radiation.  Thus,  there  now  existed  two  different  optical  sour¬ 
ces  with  distinctly  opposite  properties. 

(U)  One  might  have  thought  that  the  question  would  have  been 
asked,  "What  is  the  nature  of  the  optical  sources  and  their  corresponding 
fields  which  are  between  these  two  extremes?"  Only  during  the  past  sev¬ 
eral  years  has  a  new  type  of  optical  source  whose  properties  are  between 
these  extremes  been  characterized.  This  new  optical  source  has 

been  named  the  "quasihomogeneous  optical  source".* 

(U)  As  mentioned  above,  one  of  the  most  striking  properties  of  the 
laser  is  its  directionality.  From  the  beginning,  the  directional  pro¬ 
perty  of  the  laser  was  associated  with  its  being  completely  coherent. 

In  fact,  this  directionality  was  believed  to  be  due  totally  to  its  co¬ 
herency.  The  logic  here  was  that  Incoherent  radiation  led  to  omnidirect¬ 
ional  radiation,  while  completely  coherent  radiation  led  to  unidirect¬ 
ional  radiation.  This  logic  implied  that  light,  which  is  partially  co¬ 
herent,  will  generate  fields  or  beams  with  a  greater  divergence  than 
tbe  laser  but  less  than  incoherent  sources.  This  is  represented  in 

Fig.  1. 
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Fig.l.  Coherence  properties  of  optical  sources.  The  question  mark  un¬ 
der  the  partially  coherent  sources  represents  the  unknown  nature  of 
these  sources. 

(U)  Recently,  theoretical  and  experimental  Investigations  have 
shown^t^at  partially  coherent  sources  can  be  as  directional  as  a  laser 
beam.  *  This  is  due  to  the  fact  than  an  optical  source  must  be  simul^ 
taneously  characterized  by  its  degree  of  coherence  and  its  intensity 
distribution  across  the  optical  surface.  This  theoretical  prediction 
has  been  confirmed  experimentally.^*^ 

(U)  In  this  paper  the  theoretical  development  of  the  quaslhomo- 
geneous  optical  source  concept  is  reviewed  along  with  some  of  the  ex¬ 
perimental  results.  No  attempt  will  be  made  to  present  a  detailed  deri¬ 
vation  of  the  fundamental  equations  as  they  have  been  fully  developed 
in  the  open  literature  and  can  be  found  in  the  cited  references. 


Mathematical  Formulation  of  Optical  Coherence 

(U)  The  optical  field  in  free  space  can  be  characterized  by  the 
scalar  wave  equation 


V'-VCn.t')  =  i  iy(t.t) 

c*-  af- 


where  V(r,t)  is  the  Instantaneous  field  amplitude,  c  is  the  speed  of 
light  in“”a  vacuum  and  is  the  three  dimensional  Laplacian  operator. 
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In  accordance  with  Wolf's  formulation,  it  is  possible  to  introduce  a- 
nother  quantity,  known  as  the  mutual  coherence  function,  defined  as 


where  the  angle  brackets  represent  a  time  average  of  the  optical  field, 
j*.  and  Vy  are  two  different  points  in  the  optical  field  in  space  and!' 
Ts  an  ilTcrement  of  time.  Wolf  has  shown  that  the  mutual  coherence  funct¬ 
ion,  Eq.(2)  also  satisfies  the  wave  equation.  Thus,  the  coherence  pro¬ 
perties  of  the  optical  field  propagate  along  with  the  amplitude.  It  is 
possible  to  take  the  Fourier  transform  of  the  mutual  coherence  function 
r (?!  ,r2  ;t  )  to  form 


00  •  ^ 

C  V  I 


(3) 


The  quantity  ,r 2  ;  w  )  is  known  as  the  cross-spectral  density  and 
characterizes  tEe  correlations  of  the  optical  field  at  the  frequency, 

0)  ,  at  two  points  in  space,  Pfr^)  and  Pir^j).  The  mutual  degree  of 
coherence,  .t2  »  o)  )  »  caiTbe  defined  in  terms  of  the  cross- 
spectral  density  WXti  »i'2  ;  u) 


W(r,,n>to) 


(4) 


where  I(r  ,  o)  )  =  W(r^,r  ;  w  )  represents  the  average  optical  intensity 
at  frequency  oj  »  at  the  point  P(r)e  It  can  be  shown  that  y  ^ 

is  normalized  so  that  for  all  values  of  ♦  £^2  w  » 

The  quantity  y(r^i  ,r^2  »  w  )»  defined  by  Eq.(4),  is  called  the  complex 
degree  of  spatial  coherence  of  the  light  fluctuations  at  frequency  (jj 
at  the  points  P(r^i)  and  P(r_2  ).  The  limiting  values  of  unity  and  zero 
in  Eq.(5)  indicate  that  the  light  fluctuations  at  the  points  P(ri  )  and 
P(r2  )are  completely  correlated  or  uncorrelated,  respectively,  Tf 
|y  (r^  ,r^  ;  u)  )l  *  1  then  the  optical  field  is  said  to  be  spatially 
coherent.  On  the  other  hand  if  the  value  of  jy  (r^j  ,r^2  Sw  )i  ■*'0 
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then  the  optical  field  is  said  to  be  completely  spatially  incoherent. 
These  limiting  cases  should  be  regarded  only  as  convenient  mathematical 
idealizations  rather  than  real  physical  conditions  actually  observed  in 
nature.  No  practical  optical  field  can  be  spatially  incoherent  in  the 
sense  defined  above. 


(U)  By  suppressing  the  time  factor  in  Eq.(2)  one  can  show  that 
the  cross-spectral  density  function,  WCr^^  fJEa)*  obeys  the  Helmholtz 
equation  ^ 

where  the  index  1  on  the  Laplacian  operator  Indicates  differentiation 
with  respect  to  either  variable  ^  or  ^  .By  using  standard  mathemati¬ 
cal  techniques  for  solving  the  Helmholtz  equation,  the  cross-spectral 
density  function  in  the  optical  far-field  can  be  related  to  its  values 
at  all  pairs  of  points  in  the  source  plane.  More  specifically,  the  far- 
field  solution  of  Eq.(6)  takes  the  form 

W{r,,¥:^')=  (^)*’coS^6  (7) 

'^  (  0  ) 

where  W  (ki  ,k2  )  is  the  spatial  Fourier  transform  of  the  cross-spec¬ 
tral  density  in  the  source  plane 


W  (r.r.^e 


(8) 


V 

The  vector  is  the  projection  of  the  unit  vectoiN;s  in  the  plane  of  the 
source  and  0  is  the  angle  between^ s^ and  the  normal  to  the  source  plane. 
As  has  been  pointed  out  above  the  cross-spectral  density  is  useful  for 
defining  the  mutual  degree  of  coherence,  Eq.(4).  In  addition,  one  can 
also  show  that  the  radiant  intensity  of  physical  optics,  J^s) ,  is  di¬ 
rectly  proportional  to  the  diagonal  element  of  the  cross-spectral  den¬ 
sity,  namely. 


R->00 


(9) 
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where  s  is  the  unit  vector  in  the  direction  of  observation.  With  this 
definition,  Eq.(7)  becomes 


Xio) 


In  order  to  analytically  determine  J(sJ  the  Fourier  transform  of  the 
cross-spectral  density  on  the  optical  surface,  WV")(k^,-k^)  must 
be  known.  In  order  to  do  this  we  substitute  Eq.(4)  into  Eq.(8)  and  we 
f  ind 


QO 


A, 

w 


Mit„r.ytir,)l(0  (11) 


Unfortunately,  Eg. (11)  cannot  be  evaluated  unless  the  term  y  (ri  ,r^2  ) 

X  V^I(e.i)  •  I(r2  )  can  be  simplified  in  a  manner  which  conforms  to 
physical  reality.  For  many  years  the  inability  to  reduce  this  factor 
prevented  further  progress  in  the  development  of  partially  coherent 
sources . 

(U)  This  impasse  was  overcome  by  Wolf  and  Carter  in  :the  following 
way.^  The  expression  for  the  cross'-spectral  density 

W  V  ^  (12) 

can  be  cast  into  a  form  which  agrees  with  physical  reality  by  noting 
that  most  optical  sources  are  statistically  homogeneous.  This  behavior 
can  be  expressed  by  writing 

(13) 

The  treatment  of  the  next  factor,  V I )  •  I(_r2  ^  more  subtle  and 
dif f icult ^and  requires  a  considerable  amount  of  insight.  Investigation 
of  optical  sources  shows  the  optical  Intensity,  I (O ,  changes  very  slow¬ 
ly  with  position  across  the  source  and  is  sensibly  constant  over  regions 
whose  linear  dimensions  are  of  the  order  of  the  correlation  distance  of 
the  light  source.  Under  these  conditions,  the  intensity  varies  very  slow¬ 
ly  across  the  source  and  so  we  can  express  this  behavior  by 
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VxicivYIO  X (»> 

Thus,  a  source  which  is  statistically  homogeneous,  Eq.(13),  and  whose 
intensity  varies  slowly  across  the  source,  Eq.(14),  allows  one  to  write 

An  optical  source  which  behaves  in  accordance  with  the  previous  descrip¬ 
tion  and  satisfies  Eq.(15)  is  said  to  be  quasihomogenous.  From  Eq.(15) 
the  Fourier  transform  of  the  cross-spectral  density  can  be  shown  to  be 

Evaluation  of  Eq.(ll)  on  the  surface  of  the  optical  source  we  see  that 
the  total  contribution  to  the  optical  far-field  radiant  intensity, J(^ , 
is  then 

TtS')  -  (16) 


Therefore,  we  have  reached  the  important  result  that  the  radiant  inten¬ 
sity,  J(£0.  depends  both  on  the  intensity  distribution  over  the  source, 
I(®),  and  the  mutual  degree  of  coherence,  g(®)  .  From  Eq.(16)  we  that  we 
need  only  know  the  Fourier  transform  of  the  intensity  distribution  over 
optical  source  and  the  Fourier  transform  of  the  correlation  function 
in  order  to  determine  the  far-field  radiant  intensity,  J (^ . 


Far-Fleld  Radiant  Intensity  for  a  Gaussian  Intensity  and  Coherence  Source 


(U)  We  will  now  consider  an  optical  source  whose  intensity  distri^ 
bution  and  degree  of  spatial  coherence  are  both  gaussian  and  which  can 
be  represented  in  the  form 


(17a) 


(17b) 
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Xaking  the  Fourier  transform  of  Eqs.(17a)  and  (17b)  and  substituting 
these  transforms  into  Eq.(16)  we  find  the  radiant  intensity  in  terms  of 
its  angular  spectrum  to  be 


X(e)= 


(18) 


where 

and 


6  is  the  polar  angle  of  observation  as  measured  from  the  z  axis. 


_i _ 


(19a) 


and 


7(0)  r  (o-^y  a)  a 


(19b) 


The  angular  half-width  of  the  optical  field  can  be  found  by  setting 
the  argximent  in  exponent  of  Eq.(18)  to  -2(the  half  power  point),  and 
we  find  that 


(20) 


From  Eq.(20)  we  see  that  the  angular  intensity  distribution  is  a  funct- 
of  the  mean  intensity  width, a  y  and  the  correlation  width,  q  ,  across 
the  optical  source.  Let  us  now  consider  some  special  cases. 


Laser 

For  a  laser. 


and  we  have 


and 


S1A~' 


<1:  J 

\ 


For  a  typical  HeNe  laser,  X  ■=  6,328  x  10(-7)m  and 

\ 


(21a) 


(21b) 


=  5  X  10(-4)m, 
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Substituting  these  values  into  Eq.(21b)  the  angular  half^width  in  the 
far  field  is 


0^  ~  11-5' 


122) 


This  result  shows  that  we  may  approximate  0^^  by 


Su-  Vn. 


123) 


Incoherent  Source 

In  this  case,  and  o  - ►O  so 


xNt  |p;(3^ 

% 


(24a) 


and 


e  -  siK 

me 


-I 


h 


.(24b) 


We  note  that  X  10(-7)m,  a  - ^0  and  therefore  0  will  become 

large  as  cr  - ►O  in  agreement  with  the  well  known  benavior  of  incoher¬ 

ent  sources. 

Partially  Coherent  Sources 

Partially  coherent  sources  are  defined  to  be  optical  sources  whose  de^ 
ree  of  coherence  is  greater  than  0  but  less  than  1.  We  now  show  that  it 
is  possible  to  construct  a  source  which  is  as  directional  as  a  laser 
but  which  is  partially  coherent »  To  see  this  we  know  from  Eq,  (21b) 
that 

9^  -  sm' 

Equating  Eq.(20)  for  the  laser  and  the  quasihomogenous  source^  the  re¬ 
quirement  to  have  the  same  beam  divergence  is 

i  .  \ 


J 


(25) 
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Thus,  if  laser  is  taken  to  be  equal  to  1/4  we  then  have 

*  "irir  =  '  «6’) 


If,  we  now  choose  Ogo  then  <^q  “’ist  equal  to  \/y/2.  This  trade¬ 

off  behavior  is  shora  in  Fig. 2,  below.  The!  top  figure  is  that  of  a  las¬ 
er  while  the  following  figures  illustrate  the  variation  in  the  mean  wid¬ 


th  of  the  intensity  and  coherence  to  obtain  the  same  angular  divergence. 


Fig.  gfllustiating  the  coherence  and  the  intensity  distributions  across  three  partially  coherent  sources  [O’),  (c),  («1 

duce  fields  whose  far-zone  intensity  distributions  ate  the  same  as  that  generated  by  a  coherent  laser  source  1(a)].  The  parameters 


characterizing  the  four  sources  are: 

(a)  s  o*,  flj  =  g  L  =  I  mm,  A  =  \  (arbitrary  units)  (b)  Og-S  mm\  a/  =  1.09  mm,  A  «  0.84 

(c)a*  =  2.5mm,ff/=  1.67  mm, i4  *0.36  (d)a^  *  2.1  mm,  a/=  3.28  mm,/l  *  0.09.  ,  .  i  /c  -  i  \ 

^c  normalized  radiant  intensity  generated  by  all  these  sources  is /(d)//(0)  -  cos^®  exp {-2(fc6L)  ®  »  L  ^ 
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Quaslhomogeneous  Source  Experiments 

(U)  In  order  to  test  the  validity  of  the  theoretical  conclusions 
presented  in  the  previous  sections,  a  series  of  laboratory  measurements 
were  made  in  the  far-field  of  a  quaslhomogeneous  optical  source.  At  this 
time  there  are  no  primary  quaslhomogeneous  sources,  that  is,  sources 
which  radiate  directly  in  the  quasihomogenous  mode.  However,  it  is  pos¬ 
sible  to  construct  a  secondary  source  which  behaves  quasihomogeneously, 
i.e.,  is  statistically  homogeneous  and  whose  intensity  varies  slowly 
over  the  source.  In  order  to  obtain  the  statistical  homogeneity  a  gaus- 
sian  phase  screen  was  constructed.  A  laser  has  a  natural  gaussian  in¬ 
tensity  and  this  was  used  as  a  primary  source.  The  quaslhomogeneous  so-^ 
urce  was  created  by  expanding  and  collimating  the  laser  into  a  25mm  be¬ 
am  diameter.  This  beam  was  then  passed  through  the  phase  plate  which  was 
rotating  at  ten  Hertz.  The  mean  width  of  the  intensity  of  the  emerging 
beam  is  then  5.82inm.  The  coherence  width  of  the  phase  plate  was  measured  in¬ 
directly.  However,  by  means  of  indirect  measurements  made  on  two  phase 
plates  used  in  the  experiments  values  of  a  =  8.8  ym  and  85.4  ii  m 
were  found.  The  experimental  setup  is  sliown^in  Fig. 3.  The  fact  should 
be  emphasized  that  the  use  of  the  laser  as  a  primary  source  was  to  ob¬ 
tain  a  natural  gaussian  intensity  distribution;  by  passing  the  laser 
beam  through  the  rotating  phase  plate  the  coherence  of  the  laser  beam 
was  reduced  thereby  making  a  quaslhomogeneous  beam. 


Fig.  3.  Experimental  arrangement  to  determine  the  far-fleld  properties 
of  a  quaslhomogeneous  optical  source.  The  total  path  length  between 
the  rotating  phase  plate  and  the  FMT  was  varied  by  placing  additional 
mirrors  in  the  optical  path.  With  as  many  as  eight  mirrors  the  total 
path  was  12.5m.  The  rotational  stage  was  made  in  order  to  align  the 
quaslhomogeneous  source  with  the  scanning  PMT. 
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(U)  In  terms  of  carrying  out  a  series  of  measurements  a  convenient 
quantity  to  measure  is  the  beamwith^d^^  fz),  as  a  function  of  the  path- 
length,  z.  The  expression  which  shows  this  relation  is  given  by 

(27) 

* 

With  the  values  of  o  and  given  above,  the  beam  width  as  function  of 
z  was  measured  and  t%e  results  are  shown  in  Fig.  4.  The  solid  ^ 
lines  represent  the  theoretical  values  expressed  by  Eq.(27).  and  the 
dots  are  the  measured  values.  The  agreement  is  seen  to  be  very  good. 


Fig,  4.  Experimental  confirmation  of  the  quasihomogeneous  source  far- 
field  behavior.  The  solid  line  represents  the  theoretical  value  of 
di^a^z)  and  the  solid  circles  the  measured  values. 
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Military  Applications 

(U)  It  is  worthwhile  to  devote  a  short  section  to  the  possible  role 
of  quasihomogeneous  optical  sources  in  military  systems, 

(U)  At  present  there  are  four  known  distinct  properties  of  light. 
These  are  1)  the  intensity,  2)  the  wavelength,  3)  the  polarization  and 
4)  the  coherence.  The  intensity  property  of  light  has  been  used  by  the 
military  since  antiquity.  With  the  advent  of  spectrally  pure  lasers  the 
wavelength  property  also  came  into  use.  As  for  the  polarization  property 
it  is  only  now  being  applied  in  a  prottype  Army  system.  The  coherency 
property  has  never  been  used  but  this  may  change.  With  the  development 
of  the  current  line  of  research  new  methods  have  been  developed  to  con¬ 
trol  and  generate  coherence.  Thus,  new  applications  to  an  unused  domain 
of  light  are  now  possible, 

(U)  To  give  some  examples  and  possible  applications  it  should  now 
be  possible  to  transmit  signals  and  messages  by  coherency  coding,  that 
is,  modulate  the  laser  with  a  phase  plate  and  then  coherently  demodulate 
the  received  signal.  This  should  find  direct  use  in  laser  designators 
and  transmission  over  fiber  optics  links.  Another  application  is  in 
image  improvement  by  the  reduction  of  laser  speckle.  By  reducing  the 
coherency  of  the  laser  beam  experiments  have  shown  a  dramatic  improve^ 
ment  in  the  image  quality.  Another  application  is  to  the  development  of 
laser  warning  receivers  where  the  variability  of  coherence  adds  a  new 
dimension  to  the  detection  criteria.  Finally,  quasihomogeneous  sources 
may  find  possible  application  in  the  manufacture  of  integrated  circuits 
where  the  use  of  this  new  type  of  source  can  reduce  and  control  diffr¬ 
action  effects  in  the  making  of  photolithographic  masks, 

(U)  Thus,  for  the  military,  the  development  of  quasihomogeneous 
optical  sources  and  the  techniques  which  are  now  being  developed  to 
generate  and  control  the  optical  field  may  open  the  optical  coherency 
domain  as  a  new  area  of  military  exploitation. 

Summary 

(U)  In  this  paper  we  have  introduced  the  concept  of  a  new  type 
of  optical  source  whose  properties  are  between  incoherent  optical  sou¬ 
rces  and  coherent  laser  sources.  The  conditions  were  established  for  a 
source  to  be  quasihomogeneous.  In  doing  this  the  far-field  radiant  in¬ 
tensity,  J(s),  was  shown  to  directly  dependent  on  both  the  intensity 
distribution  and  the  degree  of  coherence  across  the  optical  source, 

(U)  This  last  result  led  to  the  following  realization.  For  a 
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<juas Hiomogeneous  optical  source  with  a  gausslan  Intensity  and  coherence 
function  It  Is  possible  to  generate  beams  as  directional  as  a  laser. 
This  can  be  done  even  though  the  degree  of  coherence  Is  reduced.  How¬ 
ever,  the  mean  Intensity  width  of  the  beam  snist  then  be  Increased  In 
a  prescribed  manner.  This,  fortunately.  Is  not  difficult  to  do  and  the 
expected  behavior  has  been  confirmed  experimentally. 

(U)  Finally,  several  military  applications  of  the  use  of  quasi- 
homogeneous  optical  sources  was  presented.  As  a  result  of  this  present 
line  of  research  It  may  now  tie  possible  to  op«n  up  a  new  area  of  optics 
for  military  exploitation. 
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POWDER  METALLURGY  STEEL  FORGINGS 
FOR  SMALL  ARM  APPLICATIONS  (U) 
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U.S.  ARMY  ARMAMENT  RESEARCH  AND  DEVELOPMENT  COMMAND 
DOVER.  NEW  JERSEY  07801 


INTRODUCTION 

Powder  metallurgy  (P/M)  steel  forging  is  a  relatively  new 
cation  process.  Although  experimental  activities  date  back  to  the 
early  1960*s,  it  was  not  until  the  early  1970's  that  the  process  was 
fully  developed  as  a  viable  manufacturing  technique  (ref  1-3) .  The 
process  combines  the  advantages  of  fabricating  net  or  near-net  ^ 
shape  parts  using  conventional  P/M  processing  and  of  property  enhance¬ 
ment  achieved  by  subsequent  forging. 


The  basic  process  involves  the  following  steps: 

Powder  _ _ Preform  - ^  Sinter  — 9-  Forge  t-  Finish 

First  a  mixture  of  prealloyed  steel  and  graphite  powder  is  com¬ 
pacted  into  a  predetermined  shape  called  a  preform.  The  preform  ^ 
density  is  usually  in  the  range  of  80  to  88  percent  of  the  theoretical 
density  (7.87  g/cm^) .  The  preform  is  next  heated  under  controlled 
conditions  in  a  sintering  step.  This  step  reduces  the  undesirable 
inhomogeneties  present  in  the  starting  powder,  alloys  the  steel  and 
graphite  powders,  and  increases  the  strength  of  the  preform.  Follow¬ 
ing  sintering,  the  forging  operation  is  used  to  fully  densify  the 
preform.  This  is  subsequently  followed  by  a  minimal  number  of  finish- 
ing  operations  to  obtain  the  final  part. 

The  successful  application  of  the  P/M  forging  process  to  ordnance 
components  offers  substantial  economic  benefits-  Primary  cost  advan¬ 
tages  over  the  conventional  processes  lie  in  more  efficient  material 
utilization,  simpler  forging  operations,  and  reduced  finishing 
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operations.  With  the  P/M  forging  process  a  one  step  forming  operation 
is  used  instead  of  the  multiple  operations  required  in  conventional 
forging.  Thus,  scrap  losses  are  reduced  since  the  normal  fullering, 
edging,  blocking  and  flash  r«noval  operations  of  conventional  forging 
are  eliminated.  Through  the  use  of  closed  confined  P/M  forging  dies 
closer  tolerance  parts  are  produced  than  with  conventional  forging. 

This  reduces  and,  in  some  cases,  eliminates  the  machining  and  surface 
finishing  operations  normally  required  to  produce  a  part  to  dimensional 
tolerances.  Consequently,  by  substituting  P/M  forging  for  conventional 
forging  costs  in  the  production  of  many  load-bearing  components  can  be 
reduced  by  25-50  percent  (ref  4-5) . 

PROCEDURE 

The  following  procedure  was  used  in  forming  the  P/M  forged  parts 
which  provided  the  mechanical  and  physical  property  data  reported  in 
this  paper. 

Prealloyed  4600  powder  was  mixed  with  flake  graphite  to  obtain  a 
0.4  percent  carbon  content  (4640  steel).  The  basic  con^osition  of  the 
powder  along  with  the  AISI  specification  for  4600  wrought  material  is 
given  in  Table  1.  The  powder  mixture  was  contacted  into  8.90  cm  x 

Table  1.  Chemical  Analysis  of  4600  Prealloyed  Powder 


AISI 

4600 

Specification 

Powder 

Element 

(%) 

(%) 

Carbon 

Nickel 

1.65-2.00 

1.77 

Molybdenum 

0.2  -0.3 

0.48 

Manganese 

0.6  -0.8 

i  0.23 

Copper 

— 

0.05 

ChrcHnium 

— 

0.05 

Phosphorus 

0.04  max 

<0.01 

Sulfur 

0.04  max 

0.02 

Silicon 

0.02-0.34 

0.07 

Oxygen 

___ 

0.152 

1.90  cm  X  2.54  cm  rectangular  bars  to  80  percent  of  theoretical  density. 
Compaction  was  conducted  using  a  closed  confined  die  supported  by  springs. 
This  enabled  the  compaction  operation  to  simulate  a  double  acting  press, 
thereby  producing  compacts  with  uniform  density  profiles.  The  preforms 
were  sintered  in  a  95  hydrogen-5  methane  atmosphere  for  40  minutes  at 
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1200°C.  Forging  of  the  sintered  preforms  were  carried  out  in  a  pre¬ 
heated  confined  forging  die.  Forging  pressures  were  adjusted  to 
achieve  full  densification.  The  forgings  were  subsequently  austeni¬ 
tized  for  %  hour  at  843°C  and  tempered  for  one  hour  at  6210C  to  achieve 
a  hardness  of  Rockwell  C  50-33. 

P/M  FORGED  PROPERTIES 

Typical  microstructures  of  heat  treated  4640  P/M  steel  forgings 
are  shown  in  Figure  1.  In  the  unetched  condition.  Figure  la,  the 
microstructure  was  relatively  dean  throughout  with  no  residual  jporos- 
ity  or  inclusions.  The  etched  microstructure.  Figure  lb,  is  character¬ 
ized  as  finely  tempered  martensite  and  shows  no  evidence  of  prior 
particle  boundaries. 


r  S'  -  ,  v''  ^  ^  ^  ^ 

rysm4^m 


-  '-A 


yyy/'^- /  4  4A  4.^.  ■■■#. ».  .<■='■•  xZ' 
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Figure  1.  Unetched  (a)  and  etched  (b)  microstructures  of  4640  P/M 
steel  forgings 


The  ultimate  tensile  and  yield  strengths  of  forged  samples  for 
different  densities  are  shovm  in  Figure  2.  These  properties  were 
determined  using  standard  R2  tensile  bars  (ASTM  A370-E8) .  Ultimate 
tensile  strengths  and  yield  strengths  were  comparable  to  wrought  4640 
material  providing  densities  of  98  percent  or  higher  were  obtained. 
The  excellent  properties  were  achieved  in  the  transverse  as  well  as 
the  longitudinal  direction;  thus,  exhibiting  the  uniformity  and  fine¬ 
ness  of  the  grain  structure  of  the  P/M  forgings. 

Elongation  and  reduction  of  area  values  for  P/M  forgings  are 
shown  in  Figure  3.  A  very  strong  dependence  on  the  final  forged 
density  is  evident.  As  shown  iri  Figure  4,  these  properties  are  also 
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very  sensitive  to  oxygen  content.  To  obtain  ductilities  equivalent 
to  wrought  materials  requires  a  density  of  at  least  99.5  percent  of 
theoretical  or  better  and  an  oxygen  content  below  300  ppm. 


Red.  in  Area  (%)  30  35  40  45  50  55 

Elongation  (%)  10  11  12  13  14  15 

Figure  4.  Reduction  in  area  and  elongation  of  P/M  steel  forgings 
as  a  function  of  oxygen  content. 


The  response  of  P/M  forgings  to  various  heat  treatments  is  shown 
in  Figure  5.  For  ccmiparison  typical  tensile  properties  of  wrought 
4640  (AMS  specification  6317B)  are  shown.  Tensile  and  yield  strengths 
of  the  P/M  forgings  are  shown  to  be  coiiq)arable  to  the  wrought  material. 
Of  greater  significance,  however,  the  elongation  and  reduction  in 
area  values  are  shown  to  be  comparable  to  the  wrought  4640  material 
throughout  the  hardness  range  investigated. 

The  impact  strength  (Figure  6)  is,  as  expected,  strongly  depen¬ 
dent  on  the  forged  density.  As  theoretical  density  is  approached,  a 
dramatic  increase  in  impact  strength  is  obtained.  Impact  strength 
values  were  also  found  to  be  strongly  dependent  on  the  oxygen  content 
(Figure  7) .  The  presence  of  inhomogenet ies  either  as  oxide  inclusions 
or  as  residual  porosity  can  have  a  very  detrimental  effect  on  the 
impact  properties. 
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Figure  7 .  Impact  energy  of  P/M  steel  forgings  as  a  function 
of  oxygen  content 

The  results  of  the  forging  study  have  shovm  that  P/M  steel  forg¬ 
ings  can  be  competitive  with  wrought  materials  from  a  property  stand¬ 
point.  Mechanical  property  levels  were  reproducible  and  could  be 
achieved  routinely  under  proper  processing  conditions.  Properties 
in  the  longitudinal  direction  were  comparable  to  the  wrought  material 
whereas  in  the  transverse  direction  tKe^^were  found  to  be  superior. 

SMALL  ARM  APPLICATIONS 

The  applicability  of  the  P/M  forging  process  to  an  actual  high- 
performance  weapon  component  was  demonstrated  with  the  accelerator 
for  the  .50  caliber  MSS  machine  gun  (ref.  6).  The  actual  part  is 
shown  in  Figure  8.  The  geometry  of  the  accelerator  was  sufficiently 
complex  to  demonstrate  the  ability  of  the  P/M  process  to  precision 
forge  a  complex  configuration  with  a  minimum  of  secondary  machining 
operations.  A  comparison  between  the  operations  involved  in  the 
conventional  process  and  the  P/M  forging  process  to  fabricate  the 
accelerator  is  shown  in  Figure  9.  The  conventional  method  involves 
progressively  working  through  a  series  of  dies  which  plastically  form 
the  metal  into  the  desired  shape.  Excess  stock,  which  is  necessary 
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in  order  to  completely  fill  the  die,  remains  in  the  form  of  flash  and 
must  be  trimmed.  The  final  forging  requires  considerable  machining 
before  the  desired  part  is  obtained.  In  contrast,  the  P/M  forging 
process  utilizes  a  single  flashless  forging  step  and  thereby  reduces 
the  number  of  machining  steps  necessary  to  obtain  the  final  part. 

The  areas  requiring  additional  machining  operations  are  indicated  in 
Figure  10  by  heavy  lines.  All  other  areas  are  forged  to  finish  size. 

A  cost  breakdown  on  the  two  processes  for  the  fabrication  of  the 
M85  accelerator  is  shown  in  Table  2.  The  die  costs  for  the  P/M  forg¬ 
ing  process  are  not  included  in  this  estimate.  Amoritization  of  the 
die  costs  would  require  a  production  run  of  approximately  1000  accel¬ 
erators.  However,  once  the  die  costs  are  amoritized,  a  cost  reduction 
of  approximately  50  percent  is  projected. 


+  .000 


Figure  10.  The  as-forged  accelerator  with  the  post-forge  machining 
operations  indicated  by  heavy  lines. 
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The  belt  retaining  pawl  shown  in  Figure  11  is  an  example  of 
another  part  found  in  the  M85  machine  gun  that  could  be  fabricated  by 
P/M  forging.  Currently,  this  part  is  machined  from  wrought  bar  stock. 
The  P/M  forging  process  could  produce  this  part  net  except  for  the 
final  cross  hole.  This  would  result  in  a  substantial  cost  savings. 

A  summary  of  other  possible  parts  in  the  M85  machine  gun  which  could 
be  cost  effectively  produced  by  P/M  forging  is  listed  in  Table  3. 


Figure  11.  Belt  retaining  pawl  for  .50  caliber  M85  machine  gun 

The  .50  caliber  M2  machine  gun,  likewise,  has  a  variety  of  parts 
that  can  be  fabricated  by  P/M  forging.  A  partial  listing  is  given  in 
Table  4.  As  with  the  M85,  the  accelerator  in  the  M2  is  a  prime 
candidate.  The  M2  accelerator  is  shown  in  Figure  12.  A  cost  savings 
of  approximately  50  percent  could  be  realistically  projected  for  this 
part,  considering  its  similarity  to  the  M85  accelerator.  Other  parts 
such  as  the  alternate  feed  bolt,  aligning  pawl,  and  extractor  have 
geometries  similar  to  the  accelerator  aiid  can  be  P/M  forged  with  a 
minimum  of  secondary  machining  operations. 

The  7.62mm  M60  machine  gun  parts  that  could  be  fabricated  by  P/M 
forging  are  listed  in  Table  5.  The  sear.  Figure  13,  is  an  ideal  part. 
Its  configuration  is  such  that  it  could  be  made  to  net  shape  requiring 
no  further  machining  or,  if  desired  with  only  a  minimal  amount  of 
machining  at  the  corners.  This  would  be  far  more  cost  effective  than 
the  current  method  of  machining  from  wrought  bar  stock.  The  barrel 
extension  clamp  (Figure  14)  used  in  the  M60  machine  gun  is  likewise 
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Table  3. 

.50  caliber  M85  machine  gun  parts  having  P/M  forging 
fabrication  potential 

Part  No. 

Nomeclature 

7790977 

Accelerator 

7790978 

Housing,  Accelerator 

7790985 

Block,  Barrel  Latch 

7709087 

Latch,  Barrel 

7791278 

Interlock,  Barrel  Extension 

7791378 

Retainer,  Cartridge  Case 

7792923 

Block 

7793074 

Selector,  Rate 

7793076 

Cylinder,  Time  Delay 

7793083 

Cam,  Latch 

7793132 

Detent,  Cover 

7793157 

Trigger 

7793193 

Extractor,  Small  Arms  Cartridge 

7793220 

Disconnector 

7793222 

Pawl,  Cartridge  Stop 

7793225 

Housing,  Return  Feed 

7793230 

Latch,  Cover 

7793232 

Ramp,  Guide  Cartridge 

7793244 

Pawl,  Cartridge  Guide 

8448210 

Latch,  Back  Plate 

8448226 

Pawl,  Belt  Retaining 

8448227 

Slide,  Belt  Feed 

Table  4. 

.50  caliber  M2  machine  gun  parts  having  P/M  forging 
fabrication  potential 

Part  No. 

Nomeclature 

5351220 

Slide,  Sear 

5504059 

Bracket,  Belt  Holding  Pawl 

5504060 

Latch,  Bolt 

5504061 

Bracket,  Bolt  Latch 

5504065 

Extractor 

5504070 

Bracket,  Top  Plate 

6008913 

Pawl,  Feed  Belt 

6008928 

Latch,  Cover 

6008975 

Pawl,  Aligning  Cartridge 

6528256 

Bolt,  Alternate  Feed 

7161302 

Breech  Lock 

7313081 

Pawl,  Belt  Holding 
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Table  5. 


Part  No. 

7269083 

7269088 

7269116 

7269117 

7269136 

7269147 

7269201 

7269209 

7269284 

7269285 

7269288 

7269291 

7269319 

7269332 

7790907 

7791525 

7792093 

7793010 


Figure  12.  Accelerator  for  .50  caliber  M2  machine  gun 

7.62inm  M60  machine  gun  parts  having  P/M  forging  fabrication 
potential 

Nomeclature 

Plunger,  Extractor 
Actuator,  Cam 
Guide,  Cartridge  Front 
Guide,  Cartridge  Rear 
Latch,  Cover 
Handle,  Lever 
Stop,  Guide 
Sear 

Base,  Rear  Sight 

Knob,  Windage 

Cap,  Leaf  Frame 

Knob,  Elevation 

Hinge,  Shoulder  Rest 

Pawl,  Cartridge  Retainer 

Extractor 

Plug,  Bolt 

Plug,  Gas  Cylinder 

Pivot,  Bipod 
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Figure  13.  Sear  for  7.62nim  M60  machine  gun 

a  prime  candidate.  It  can  also  be  made  to  net  shape  except  for  the 
drilled  and  tapped  hole  on  the  side.  Such  complexities  as  exhibited 
by  these  examples  can  be  easily  formulated  in  the  parts  by  P/M 
forging;  thus,  eliminating  many  of  the  costly  machining  operations 
presently  used. 


Figure  14.  Barrel  extension  clamp  for  7.62mm  M60  machine  gun 
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CONCLUSIONS 

The  applicability  of  the  P/M  forging  process  to  fabricate  high 
performance  weapon  components  was  demonstrated.  Property  levels  were 
shown  to  be  comparable  to  the  same  parts  machined  or  forged  from 
wrought  bar  stock.  Major  cost  advantages  were  realized  through  more 
efficient  material  utilization  and  a  reduction  of  machining  operations. 
The  cost  effectiveness  of  the  process,  however,  was  not  fully  realized 
until  amortization  of  the  P/M  compacting  and  forging  dies  was  achieved. 
This  usually  necessitated  an  initial  production  run  from  1,000  to 
3,000  parts  depending  on  the  complexity  of  the  part  to  be  fabricated. 
Once  this  has  been  accomplished,  a  variety  of  parts  from  the  M2,  M60 
and  M85  machine  guns  can  be  fabricated  with  cost  reductions  ranging 
up  to  50  percent. 
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I .  Introduction 


The  purpose  of  this  study  was  to  Investigate  the  effect  of  a 
viral  Infection  upon  the  individual  soldier’s  performance  capabilities. 
Sandfly  fever  was  induced  for  this  study,  not  because  of  any  threat 
which  sandfly  fever  may  potentially  carry,  but  because  it  is  an  appro¬ 
priate  disease  model  for  a  viral  infection.  Sandfly  fever,  known 
medically  as  Phlebotomus  or  Papatasl  fever ,  is  a  self— limiting  febrile 
Illness  which  is  transmitted  by  biting  Insects  of  the  genus  Phleboto¬ 
mus.  Although  this  illness  is  not  serious  clinically,  it  does  have 
a  tendency  toward  explosive  outbreaks  in  large  groups  of  susceptible 
individuals  after  short  periods  of  exposure  and  thus  has  some  poten¬ 
tial  for  hazard  to  military  operations  in  certain  parts  of  the  world. 
However,  the  reason  for  its  use  in  this  study  is  that  it  is  a  well 
understood,  limited,  viral  illness  which  is  suitable  for  study  as  a 
model  Infection. 

The  disease  is  characterized  by  the  sudden  onset  of  flu-like 
S3nnptoms.  These  include  headache,  generalized  malaise,  photophobia 
and  aching  in  the  muscles  and  joints.  The  most  common  clinical  fea¬ 
ture  is  leukopenia,  which  is  a  decrease  in  the  white  blood  cell  count. 
Anorexia,  nausea  and  vomiting  may  also  be  associated  with  ill  defined 
abdominal  distress.  The  disease  has  a  very  predictable  clinical 
course  with  no  sequalae  or  complications  (1) . 
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The  purpose  of  this  study  was  to  evaluate  the  ability  of 
soldiers  to  perforin  physical  exercise  during  the  febrile  and  early 
convalescent  periods  of  an  acute  infectious  disease.  The  effect  of 
the  disease  on  measurements  used  to  assess  an  individual’s  level  of 
physical  conditioning  were  also  determined. 

II,  Methodology 

For  this  study,  9  subjects  (7  experimentals,  2  controls) 
volunteered  to  undergo  a  series  of  tests  before,  during  and  after  an 
experimentally  Induced  episode  of  sandfly  fever.  The  2  control  sub¬ 
jects  were  sham- inoculated  with  isotonic  saline.  The  7  experimental 
subjects  were  inoculated  with  plasma  containing  the  sandfly  fever 
virus.  This  plasma  had  been  obtained,  on  the  first  day  of  illness, 
from  a  previous  human  volunteer.  The  overall  experimental  schedule 
for  the  study  is  outlined  in  Table  1, 

Test  subjects  were  divided  into  two  groups  for  initial  testing. 
While  one  group  performed  the  aerobic  test  procedures,  the  second 
group  performed  the  muscle  strength  tests.  The  morning  of  days  -4 
and  -2  served  as  an  introductory  period  for  the  test  subjects.  During 
this  time,  they  were  familiarized  with  the  tests  that  they  were  to 
undergo . 


On  the  afternoon  of  days  -4  and  -2  subjects  began  testing. 

The  aerobic  portion  consisted  of  three  types  of  procedures: 

1)  resting  measurements 

2)  submaximal  walking 

3)  maximal  oxygen  uptake  (V02max)  test 

1.  Resting  measurements 

At  the  beginning  of  each  aerobic  exercise  session,  subjects  under¬ 
went  resting  measurements  of  heart  rate  (12  lead  EGG) ,  blood  pressure 
and  rectal  temperature.  In  addition,  all  subjects  performed  a  pul¬ 
monary  function  test.  Weight  and  skin  fold  measures  were  taken  for 
estimation  of  %  body  fat. 

2 .  Submaximal  walking 

After  the  resting  measurements,  subjects  began  walking  on  a 
motor-driven  treadmill  at  a  speed  of  3  mph  and  0%  grade.  Every  3 
minutes  the  grade  was  increased  by  3%  up  to  a  maximum  work  load  of 
15%  grade.  During  the  last  minute  at  each  work  load,  heart  rate. 
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Table  1:  Experimental  Schedule 


Day  of 

Study 

Testing  Procedure 

Week 

Day 

Aerobic 

Friday 

-7 

Screening  Physical 

Monday 

-4 

AM  Introduction  of  Procedures 
to  Group  A 

PM  Sub-max  Walking  Group  A 

Tuesday 

-3 

Running  V02niax  on  Group  A 

Wednesday 

-2 

AM  Introduction  of  Procedure 
to  Group  B 

PM  Sub-max  Walking  Group  B 

Thursday 

-1 

Running  V02max  on  Group  B 

Friday 

0 

Inoculation  with  Plasma  or 
Saline  0800  hours 

Sunday 

2 

Hospitalization  1200  hours 

Monday 

3 

PM  Sub-max  Walking  for  Febrile 
S’s 

Tuesday 

4 

PM  Sub-max  Walking  for  Remain¬ 
ing  S’s 

Thursday 

6 

AM  Sub-max  Walking  for  S’s 
Febrile  on  Day  3. 

PM  V02max  run 

Friday 

7 

AM  Sub-max  Walking  on  Remain¬ 
ing  S’s 

PM  ■^02max  run 

Hospital  Discharge  1600  hours 

Strength 

Group  B  Static 
&  Dynamic 

Group  B  Hand¬ 
grip 

Group  A  Static 
&  Dynamic 

Group  A  Hand¬ 
grip 


AM  Static 
Dynamic  & 
Handgrip  on 
Febrile  S ’ s 

AM  Static 
Dynamic  & 
Handgrip  on 
Remaining  S’s 

AM  Static 
Dynamic  Hand¬ 
grip  on  S’s 
Day  3 

AM  Static 
Dynamic  & 
Handgrip  on 
Remaining  S’s 
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blood  pressure,  RPE,  rectal  temperature  and  oxygen  consumption  were 
measured.  Rating  of  perceived  exertion  (RPE)  is  a  measure  of  percep¬ 
tion  of  effort  and  is  a  valid  predictor  for  the  point  at  which  an 
individual  will  discontinue  work  (2) • 

3.  Maximal  oxygen  uptake  (V02max)  test 

During  the  pre-  and  post-fever  exercise  session,  the  subject  per¬ 
formed  a  V02max  determination.  Initially,  all  subjects  began  running 
on  the  treadmill  at  a  speed  of  6  mph  and  0%  grade  for  6  minutes. 
Following  a  5-10  minute  rest  period,  two  to  four  additional  runs  were 
performed,  each  Interrupted  by  a  rest  period.  Work  load  was  increased 
by  adjusting  speed  and/or  grade.  During  the  last  minute  of  each  work 
load  expired  air  was  collected  and  analyzed.  A  plateau  in  oxygen 
consumption  was  defined  as  V02max. 

Muscle  strength  capacities  were  assessed  by  both  static  and 
dynamic  strength  and  endurance  tests. 

Maximal  static  strength 

Maximal  static  strength  of  three  muscle  groups  were  measured 
by  a  device  designed  in  this  lab  (3).  The  muscle  groups  tested  were: 
upper  torso,  trunk  ext-ens_Qrs  and  .  legs  .  Two  3-4  second  maximal 
isometric  contractions  were  performed  for  each  muscle  group  with  a 
one  minute  rest  between  contractions.  Forces  were  registered  on 
electronic  force  transducers  (BLD  Model  C2M1)  and  through  digital 
transducer  indicators  (BLH  Model  450A)  were  input  displayed  and  re¬ 
corded  in  a  DECLAB  11/03  ..minicomputer  which  analyzed  the  force  curves 
at  0.01/sec  intervals. 

Strength  of  the  upper  torso  group  was  assessed  with  the  sub¬ 
ject  securely  fastened  in  a  sitting  position  with  a  lap  belt.  The 
•upper  arms  were  positioned  parallel  to  the  floor  with  the  elbows  at 
a  90°  angle.  The  hands  grasped  an  overhead  bar  that  is  attached  by 
a  cable  to  the  force  transducer. 

Strength  of  the  leg  extensors  was  assessed  with  the  subject 
seated  as  above  with  the  knees  bent  at  90^,  the  arch  of  the  feet 
pushing  against  a  bar  attached  by  a  cable  to  the  transducer. 

Strength  of  the  trunk  extensors  was  assessed  with  the  subject 
in  a  standing  position  with  the  shoulders  strapped  to  a  bar  which  was 
connected  to  a  transducer.  The  subject  flexed  back  against  the 
shoulder  harness  while  driving  the  pelvic  girdle  against  a  stabilizing 
plate. 
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Isometric  grip  strength  was  measured  with  a  handgrip  ergometer 
which  was  adjusted  for  each  subject  so  as  to  allow  maximal  grip  output. 
Subjects  exerted  maximal  grip  strength  for  3-5  seconds  which  was 
ferred  through  a  turn-buckle  to  a  force  transducer  and  into  the  DECLAB 
11/03  minicomputer.  Static  handgrip  strength  endurance  time  at  40% 
maximal  force  was  assessed  using  the  same  apparatus. 

Dynamic  muscle  strength 

Maximal  dynamic  strength  and  power  of  the  elbow-flexors  and 
knee  extensors  was  assessed  utilizing  isokinetic  measuring  equipment 
(Cybex  Div.,  Lumex  Corp.,  Bayshore,  NY).  For  both  the  arm  and  leg 
measurements,  the  subject  was  seated  and  fastened  by  arm,  leg  and 
shoulder  restraints  into  a  heavy  well-padded  wooden  chair  which  was 
in  turn  securely  coupled  to  the  isokinetic  torque  unit  (Cybex  II 
dynamometer).  A  separate  apparatus  was  used  to  measure  arm  and  leg 
capacities.  Force  exerted  by  the  subject,  measured  as  torque,  was 
transferred  from  the  dynamometer  via  an  amplifier  to  a  paper  recorder 
and  work  Integrator.  Muscle  strength  was  assessed  with  two  individual 
maximal  contractions  for  each  muscle  group  at  each  of  two  contractile 
velocities,  36  and  180  degrees  per  second. 

III.  Results 

The  effect  of  virus  inoculation  on  the  test  subjects  is  clearly 
Illustrated  in  Figure  1.  Rectal  temperatures  (Tj-e)  began  to  increase 
48  hrs  after  Inoculation  in  the  experimental  subjects  and  reached 
their  peak  values  within  72—96  hours  after  inoculation.  No  signifi¬ 
cant  changes  occurred  in  the  T^g  of  the  two  controls.  Experimental 
subjects  developed  the  characteristic  clinical  findings  and  sympto¬ 
matology  for  sandfly  fever  (Figure  2) . 

During  the  fever  state,  3  subjects  were  unable  to  complete 
the  submaximal  treadmill  walk. 

Subject  #4302  -  felt  dizzy  at  the  end  of  9%  workload  and  the 
treadmill  was  stopped. 

Subject  #4307  -  complained  of  shortness  of  breath,  headache, 
and  dizziness;  treadmill  stopped  after  30  seconds  at  12%  grade. 

Subject  #4308  -  stated  that  he  could  not  complete  test  and 
stopped  after  1.5  minutes  at  9%  grade. 
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Figure  1.  Effect  of  Sandfly  Fever  virus 
on  rectal  temperature. 

During  fever,  the  T^e  higher  at  all  submaximal  work¬ 
loads  as  well  as  at  rest.  However,  the  rate  at  which  increased 
with  exercise  was  not  altered  by  the  fever  (Figure  3) .  Resting  heart 
rate  was  also  significantly  elevated  during  fever.  Exercise  heart 
rates  were  also  higher  during  fever  than  in  either  the  pre  or  post 
fever  state  but  the  only  significant  difference  was  between  the  fever 
and  post  fever  state  at  0%  grade  (Figure  3) . 

The  energy  cost  of  walking  was  unaffected  by  the  viral  infec¬ 
tion.  Values  obtained  for  oxygen  consumption  are  listed  in  Table  2. 
Any  differences  between  the  values  are  within  the  limits  of  the 
measurement  system  or  variations  normally  seen  between  subjects  on 
repeated  testing. 

There  were  shifts  in  other  parameters  during  fever  that  did 
indicate  some  effect  due  to  viral  infection.  Perceived  exertion  (RPE) 
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DAYS  FOLLOWING  INOCULATION 


Figure  2.  Effect  of  Sandfly  Fever  on  total  white 
cell  count  and  pol3nnorhoneutrophils . 

(Borg’s  Scale)  was  significantly  higher  than  the  pre-inoculation 
values  at  0%  and  6%  grade  during  the  fever.  Controls  showed  no 
change  in  RPE  (Figure  4) . 

An  increase  in  the  ventilatory  equivalent  was  also  seen  at 
the  higher  workloads  in  the  experimental  subjects  (Figure  4). 

However,  the  control  subjects  also  showed  an  increase  in  VEQ  at  higher 
workloads  during  the  fever  and  post  fever  testing.  Therefore,  this 
increase  could  be  due  to  some  factor  other  than  a  direct  effect  of 
the  virus . 

In  addition  to  the  effects  on  submaximal  walking  performance, 
viral  infection  also  caused  a  significant  decrement  on  muscle^ strength 
measures.  Mean  strength  capacities  were  reduced  from  2  to  28%  during 
fever.  Values  showed  some  signs  of  recovery  during  early  convales¬ 
cence  but  for  the  most  part,  they  were  still  reduced.  The  control 
subjects  were  not  affected  in  the  same  manner.  The  results  of  the 
muscle  strength  testing  are  summarized  in  Figure  5. 
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*• . -  POST-FEVER 
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Figure  3.  Comparisons  of  heart  rate  and 

rectal  temperature  during  exercise. 

All  Isometric  tests  were  markedly  decreased  during  fever. 

The  decreases  in  upper  torso,  handgrip  and  leg  isometric  strength 
were  all  statistically  signficant  (p  <0.05).  Although  the  overall 
effect  of  fever  on  back  extensors  and  handgrip  endurance  was  a  decrease 
(15  and  28.6%,  respectively)*  the  effect  was  much  more  variable  than  in 
the  other  isometric  measures  and  the  decreases  were  not  statistically 
significant .  Dynamic  strength  was  decreased  only  in  the  legs  and 
this  decrease  was  statistically  significant  only  at  the  slow  speed. 

The  final  test  results  to  be  reported  here  are  those  obtained 
during  the  two  maximal  oxygen  consumption  determinations  that  the 
subjects  performed..  The  results  are  summarized  in  Figure  6,  which 


i.- 


/ 


436 


DANIELS,  WRIGHT,  KNAPIK,  VOGEL,  FRIMAN  &  BEISEL 


Table  1. 


Experimentals  (n 
Controls  (n  =  2) 


Experimentals 

Controls 


Experimentals 

Controls 


Experimentals 

Controls 


Experimentals 

Controls 


Oxygen  consumption  (ml/kg. min)  while  walking 
at  increasing  grade  before,  during  and  after 
fever. 


Pre- 

Conva- 

Inoculation 

Fever 

lescenc( 

3  mph  0% 

15.35 

15.77 

14.97 

16.15 

14.55 

15.25 

3  mph  3% 

18.70 

18.42 

18.13 

18.80 

17.70 

18.25 

3  mph  6% 

21.52 

21.40 

21.35 

22.05 

20.35 

21.05 

3  mph  9% 

25.15 

26.06 

25.85 

24.95 

24.65 

25.75 

3  mph  12% 

29.97 

30.52(n=4)  29.32 

30.45 

29.30 

30.25 

Experimentals 

Controls 


3  mph  15% 

35.15  33. 70 (n=4)  33.68 

34.75  28.80(n=l)  34.40 


illustrates  that  in  all  the  parameters  measured  the  response  of  the 
experimental  subjects  during  early  convalescence  was  lower  than  that 
of  the  controls.  Generally  the  responses  of  the  controls  and  experi¬ 
mentals  were  similar  when  compared  to  pr‘e-fever  values.  Experiments  s 
had  slightly  larger  decreases  in  V02max  and  HRmax*  Ventilation  in¬ 
creased  more  in  controls  than  the  experimentals.  The  major  difference 
between  controls  and  experimentals  was  the  grade  at  which  they  were 
working  when  they  achieved  maximum  effort. 
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•  - -  PRE-FEVER 

fever 

*  . ^  POST-FEVER 


Figure  4.  Comparison  of  respiratory  quotient, 

ventilatory  equivalent,  and  perceived 
exertion  during  exercise. 


IV,  Discussion 


The  results  of  this  study  indicate  that  in  respect  to  physi¬ 
cal  performance,  an  acute  viral  infection  shows  the  most  detrimental 
effects  on  measures  of  muscle  strength.  These  were  especially 
apparent  during  the  fever  state.  Although  strength  measures  were 
still  reduced  during  early  convalescence,  the  reductions  were  not 
statistically  significant.  It  is  interesting  to  note  that  maximal 
isometric  strength  contractions  appeared  to  be  more  affected  than 
dynamic  strength. 


438 


DANIELS,  WRIGHT,  KNAPIK,  VOGEL,  FRIMAN  &  BEISEL 


O 


•  FEVER  STAGE 
A  EARLY  CONVALESCENSE 
O  SHAM  INOCULATED  CONTROLS 
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ISOMETRIC  TESTS  DYNAMIC  TESTS 


Figure  5.  Comparison  of  muscle  performance  tests 
during  Sandfly  Fever  Study. 

The  results  obtained  in  this  study  agree  very  nicely  with 
previous  studies  (4)  which  indicate  that  infectious  disease  has  a 
detrimental  effect  on  isometric  muscle  strength.  The  exact  mechan¬ 
ism  by  which  this  occurs  is  not  known.  Muscle  biopsies  which  were 
taken  in  this  study  indicate  that  a  certain  amount  of  protein  break¬ 
down  occurs  during  viral  infection.  However,  effects  of  virus  upon 
the  central  and  peripheral  nervous  system  and  upon  the  neuromuscular 
junction  cannot  be  ruled  out.  The  fact  that  isometric  strength  is 
affected  more  than  dynamic  strength  may  indicate  that  the  viral 
infection  interferes  with  the  recruitment  of  muscle  fibers  during 
maximal  contractions  rather  than  having  a  direct  effect  on  the 
muscle  cells. 

The  submaximal  walking  data  showed  very  few  physiological 
differences  between  the  various  stages.  Heart  rate  was  elevated 
during  the  fever  but  this  was  only  significant  at  the  lower  levels^ 
of  exercise.  This  seems  to  indicate  that  the  sympathetic  drive  which 
was  present  at  rest  during  fever  did  not  have  an  additive  effect  upon 
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Figure  6.  Data  collected  at  V02max  prior  to 

fever  compared  to  early  convalescence. 

the  sympathetic  response  to  exercise  at  the  higher  workloads.  It 
is  also  important  to  note  that  the  rate  of  temperature  increase 
during  exercise  was  not  altered  during  the  fever  state  even  though 
the  were  almost  1®C  higher  during  the  fever  stage.  Elevated 
temperature  also  did  not  affect  oxygen  consumption.  The  most  appar¬ 
ent  effect  of  the  virus  on  submaximal  walking  was  the  inability  of 
three  subjects  to  complete  the  task.  However,  there  was  no  para¬ 
meter  .  that  we  measured  which  predicted  this.  The  most  striking  re¬ 
lationship  occurred  between  the  subject's  performance  and  his  own 
rating  of  4  specified  symptoms  (headache,  myalgia,  nausea  and  chills). 
The  greater  the  sum  of  these  symptoms;  l.e.,  the  sicker  the  individual 
felt;  the  worse  his  performance.  Therefore,  the  virus  appears  to  have 
a  very  marked  effect  upon  the  ability  and/or  the  willingness  of  vari¬ 
ous  Individuals  to  perform  work,  moreso  than  an  actual  decrement  in 
capacity. 
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Finally,  in  terms  of  aerobic  capacity  (^02max) ,  both  the 
experimental  and  control  subjects  responded  with  a  decrease  in  V02niax. 
It  therefore  appears  that  some  other  factor,’  other  than  the  virus  ^ 
was  responsible.  It  is  well  known  that  bedrest  or  inactivity  can 
cause  significant  decreases  in  aerobic  capacity  (5) .  This  may  have 
been  a  contributing  factor  in  the  decrease  seen  here.  Another  factor 
that  may  have  influenced  aerobic  capacity  was  a  loss  of  blood  volume 
by  the  subjects.  During  this  study  a  number  of  blood  samples  were 
obtained  over  the  two  week  period  in  order  to  perform  various  labora¬ 
tory  and  clinical  tests.  Although  the  amount  taken  at  any  one  time 
was  not  large,  the  cumulative  total  was  over  1.5  units  of  blood.  It 
has  also  been  demonstrated  that  if  this  amount  of  blood  is  removed 
at  any  single  time,  there  will  be  a  decrease  in  aerobic  power  (6). 
Therefore,  it  seems  logical  that  this  may  also  be  a  contributing 
factor  to  the  decrease.  There  was  one  result,  however,  which  also 
indicates  that  the  virus  is  not  without  affect.  Experimental  subjects 
showed  a  marked  decrease  in  the  grade  at  which  they  achieved  their 
maximum  effort  after  the  fever.  This  was  in  marked  contrast  to  what 
was  seen  for  the  control  subjects.  This  seems  to  indicate  that  the 
virus  has  some  effect  but  just  exactly  what  the  mechanism  involved 
would  be,  is  not  knoxm. 

In  conclusion,  the  results  of  this  study  demonstrated  quite 
clearly  that  an  acute  viral  infection  can  have  detrimental  effects 
upon  the  individual’s  physical  performance.  Muscle  strength  and 
ability  to  perform  submaximal  work  were  clearly  affected  during  the 
fever  stage.  Muscle  strength  and  maximal  aerobic  power  were  still 
reduced  in  early  convalescence  although  factors  other  than  the  infec¬ 
tion  may  be  responsible  for  the  decrease  in  aerobic  power.  The  effect 
of  analgesic  and  anti-pyretic  agents  upon  the  symptoms  of  this  viral 
infection  were  not  looked  at  in  this  study.  How  the  alleviation  of 
S3miptoms  would  affect  performance  and  muscle  strength  can  only  be 
determined  by  future  study.  However,  commanders  can  expect  that 
individuals  suffering  from  acute  viral  infections  will  be  unable  to 
perform  up  to  their  potential  capacity,  not  only  during  the  infection, 
but  also  for  at  least  a  few  days  following  the  infection. 
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EVALUATION  OF  ICE-COVERED  WATER  CROSSINGS 


ARNOLD  M.  pEAN,  JR. 

U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 
Hanover,  New  Hampshire  03755 


Introduction 

When  mobility  in  northern  regions  is  being  considered,  the 
need  for  a  means  to  assess  ice-covered  water  crossings  becomes  evident. 
There  are  two  major  aspects  to  this  problem:  determination  of  the 
crossing  profile  (from  which  one  obtains  ice  thickness,  support  char 
acterlstiL,  and  crack  locations),  and  determination  of  the  bearing 
capacity  of  the  crossing.  This  paper  discusses  instrumentation  de 
veloped  through  the  U.S.  Army  Cold  Regions  Research  and  ^"Sineering 
LaboLtory  to  remotely  measure  the  ice  thickness  and  its  relationship 
to  the  water  body,  the  banks,  and  other  ice  forms.  It  further  refer 
ences  applicable  work  done  on  the  bearing  capacity  of  ice  sheets,  and 
comments  on  the  problems  associated  with  the  determination  of  ice 
strength. 

Description  of  Instrumentation 

The  instrijmentation  used  is  a  commercially  available 
broad-band  impulse  radar  system,  which  has  been  modified  specifical  y 
for  the  remote  sensing  of  ice  thickness.  The  components  of  the  system 
are  shown  in  Figures  1  and  2« 

The  selection  of  the  antenna  (Fig.  1)  determines  the  operating 
frequencies  of  the  system.  The  center  frequencies  of  the  antenna 
range  from  about  100  MHz  to  600  MHz,  with  about  a  200-^z  bandwidth, 
Ind  the  peak  radiated  power  varies  from  2  W  to  15  W.  The  radio  fre¬ 
quency  (RF)  transmit  and  receive  (T/R)  functions  are  entirely  within 
the  antenna.  By  a  sampling  technique  the  RF  is  shifted  down  to 
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Figure  2.  Components  of  the  ice-profiling  radar  system 
(left  rear  control  unit;  right  rear,  analog 
tape  recorder;  foreground,  graphic  display  unit) . 
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frequencies  (AF)  of  0-50  kHz  to  communicate  with  the  control  unit 
(upper  left,  Fig.  2)  and  to  be  compatible  with  the  analog  recorder 
(upper  right,  Fig.  2).  The  antenna  is  a  center-fed,  resistively 
loaded  bow  tie  design. 

The  control  unit  provides  control,  timing,  power  and  data  manipu¬ 
lation.  The  unit  allows  the  operator  to  control  sample  rates,  re¬ 
cording  rates,  time  gain,  and  data  manipulation  parameters,  and  to 
monitor  the  signal  analog  at  various  points  throughout  the  system. 

Data  manipulation  is  effected  through  an  8-bit  microprocessor  which 
Implements  a  real-time  digital  filter.  The  characteristics  of  the 
filter  are  externally  programmable.  The  microprocessor  provides  a 
precise  band. pass /reject  function  which  aids  noise  rejection  and 
signal  enhancement.  Further,  a  non-biasing  filter  prevents  harmonic 
interference. 


The  analog  tape  recorder  and  the  graphic  unit  (foreground.  Fig. 

2)  are  commercially  available  and  standard  storage  and  display  units, 
respectively.  The  radar  system  transmits  a  broad  band  of  energy  into 
the  medium  being  surveyed,  and  waits  with  an  equally  broad-windowed 
receiver  for  the  returning  signals.  The  signals  are  reflections  from 
interfaces,  where  the  dielectric  constant  changes.  A  typical  return 
signal  on  the  CRT  monitor  (Fig.  3,  left)  has  its  counterpart  on  the 
graphic  display  printout  (Fig.  3,  right).  Reflections  cause  signal 
excursions  from  the  center  region,  which  are  depicted  as  sets  of  dark 
bands  on  the  graphic.  As  the  antenna  is  moved  across  a  river  section, 
for  instance,  the  ice/water  interface  and  the  water/earth  interface 
are  detected  and  displayed  as  bands  whose  positions  vary  with  the  ice 
thickness  and  the  channel  configuration,  respectively.  The  physical 
characteristics  of  the  units  which  compose  the  radar  system  are  listed 
in  Table  1. 


Table  1.  Physical  characteristics  of  the  CRREL  Impulse  radar  System 


Control  unit 
Graphic  recorder 
Tape  recorder 
Antenna ,  T/R 
Airborne  antenna, 
T  or  R 


Weight  Dimensions 

kg  (lb)  hxwxl.  cm  ('v  in.) 


11  (24) 

27  (60) 

28  (62) 

36  (80) 

7.5  (16.5) 


18x44x39  (  7x28x16) 
12x82x53  (  5x33x21) 
41x48x24  (16x19x10) 
34x97x94  (14x38x37) 
27x54x90  (11x22x35) 
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Signal 

Amplitude 


Horizontal  Travel 


f  Figure  3.  Ice-profiling  radar  system,  received  signal  and  graphic 
analogy. 

Applications  --General 

The  CRREli  prototype  system  has  enjoyed  a  variety  of  appli¬ 
cations  in  the  last  5  years.  These  include  both  surface  and  air 
deployment.  The  unit  has  been  pulled  behind  vehicles  to  measure  sheet 
ice  thickness,  and  flown  in  helicopters  to  measure  brash  and  frazil 
accumulations,  ice  jams  and  ice  runs.  It  has  been  used  to  profile 
lake  bottoms  and  river  bottoms  in  highly  air-entrained  water,  and  to 
evaluate  ice  bridge  construction. 

The  airborne  configuration  of  the  system  is  shown  in  Figure  4. 

The  helicopter  positions  the  antenna  some  4  m  off  the  ice.  When  data 
are  collected,  the  control  unit  and  the  tape  recorder  are  taken  to  the 
graphic  display  device  on  the  ground  and  a  printout  is  made.  Inter¬ 
pretation  is  made  from  the  printout. 

Figure  5  shows  a  transverse  profile  of  ice  accumulation  due  to 
ship  traffic  in  the  St.  Marys  River  near  Sault  Ste  Marie,  Michigan. 
These  data  were  taken  in  the  airborne  configuration  and  illustrate  the 
capability  of  the  system  to  be  used  in  the  airborne  mode  and  still 
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Figure  4.  Airborne  configuration  of  the  ice-profiling  radar  system. 


Figure  5.  Graphic  record  of  processed  data  representing  a  cross 
section  of  ice  accumulation  due  to  ship  traffic  in  the 
St.  Marys  River. 


448 


DEAN 


penetrate  some  3  to  5  m  of  50%  water  and  ice  mixture,  which  is  re¬ 
sponsible  for  significant  scattering  of  the  transmitted  signal* 

Figure  6  illustrates  the  interpretation  of  the  data  in  Figure  5,  and 
the  identification  of  a  significant  factor  in  the  accumulation  of  the 
ice,  i.e.  the  channel  edge/wash  interaction  which  bounds  the  accumu¬ 
lation. 

Application  —  Ice  Bridges 

During  the  1979  Operation  Jack  Frost  near  Fairbanks,  Alaska, 

CRREL  was  asked  to  aid  in  evaluating  ice  bridge  construction  across 
the  Tanana  River.  Engineer  units  responsible  for  the  work  were 
plagued  with  warm  weather  and  a  braided  stream  and  had  lost  several 
pieces  of  equipment  through  the  ice.  At  the  Tanana  crossings  the 
water  velocities  were  high  and  the  channel  variable,  and  the  bridging 
was  quite  extensive  because  of  the  braids  of  the  stream.  The  radar 
unit  was  used  to  obtain  a  continuous  profile  of  the  ice  thickness  on 
the  bridges  and  the*  channel  configurations.  One  such  traverse  profile 
of  a  channel  crossing  is  shown  in  Figure  7.  Since  the  sheet  (bridge) 
thickness,  the  channel,  the  water,  and  frazil  accumulations  can  be 
identified,  a  complete  evaluation  of  the  crossing  can  be  made.  A 
picture  of  this  ice  bridge  is  shown  in  Figure  8.  Another  point  of 
interest  concerns  a  profile  taken  transverse  to  the  bridge  itself, 
i.e.  longitudinal  to  the  channel.  A  significant  reduction  in  the 
sheet  ice  thickness  was  found  under  the  snow  dikes  on  each  side  of  the 
ice  bridge  (caused  by  the  Insulating  effect  of  the  snow  bank).  Such  a 
thickness  variation  affects  the  bearing  capacity  of  the  ice  bridge. 
Hence,  as  soon  as  bridge  construction  is  completed  the  snow  banks 
should  be  removed. 

Advantages 

The  broadbanded  characteristic  has  a  specific  advantage  in 
ice/water  mixtures  over  carrier  or  single-frequency  radar  systems. 

The  higher  frequencies  in  the  band  provide  the  resolution,  while  the 
lower  frequencies  provide  the  penetration  into  and  through  the  water. 
Conventional  single-frequency  systems  cannot  have  both  of  these 
characteristics . 

The  system  is  commercially  available,  packaged,  field-worthy,  and 
reasonably  portable.  The  unit  is  not  a  modified  laboratory  unit  which 
can  be  taken  to  the  field,  but  a  system  designed  for  field  use,  and 
proven  in  the  discussed  applications.  It  can  use  a  variety  of  AC  or 
DC  power  sources.  The  implementation  of  the  system  microprocessor 
makes  the  data  manipulation  very  flexible. 
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Figure  6.  Sketch  of  the  previous  figure  illustrating  the  interpreta¬ 
tion  technique. 


Figure  7.  Graphic  record  of  unprocessed  data  representing  a  longi¬ 
tudinal  profile  of  an  ice  bridge  across  a  channel  of  the 
Tanana  River,  January  1979. 
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Figure  8.  The  ice  bridge  whose  profile  is  shown  in  Figure  7. 


Disadvantages 

The  major  disadvantage  of  the  system  is  the  difficulty  of 
interpretation*  Because  of  this,  the  system  is  still  only  a  research 
tool.  For  massive  data  processing,  or  for  real-time  data  interpreta¬ 
tion,  the  graphic  display  must  be  replaced,  since  it  takes  at  least 
16  times  longer  to  generate  the  print-out  as  it  does  to  acquire  the 
data. 


Since  the  system  is  broad-banded,  the  transmitted  energy  from  the 
antenna  cannot  be  focused  as  in  carrier-frequency  radar  without  an 
elaborate  antenna  array  and  electronics  package.  This  requires  low 
survey  flights  and  an  integration  over  an  antenna  footprint  some  3  to 
5  m  in  diameter  for  the  lower  frequency  bands  in  an  airborne  con¬ 
figuration. 

Although  theoretically  it  is  possible  to  use  two  antennas  to  make 
the  measurement  insensitive  to  a  varying  dielectric  constant  in  the 
medium,  this  is  not  practical  in  the  field  with  the  existing  equip¬ 
ment.  Therefore,  periodic  ground  truth  data  are  required  to  assure 
the  consistency  of  the  dielectric  constant. 
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Bearing  Capacity  of  Ice  Sheets 

Below  0°C  the  bearing  capacity  of  an  ice  sheet  is  dependent 
principally  upon  thickness,  and  less  so  upon  ice  type  and  temperature. 
Below  -10°C  the  bearing  capacity  may  be  estimated  as  a  function  of 
thickness.  The  equation 


h  =  10/“ P, 

where  h  is  ice  thickness  in  centimeters  and  P  is  the  applied  load  in 
metric  tons,  is  a  practical  field  relationship  and  gives  a  reasonable 
safety  margin  for  single  moving  loads.  This  relationship  does  not 
apply  to  the  bearing  capacity  of  an  ice  sheet  over  an  extended  time. 

A  number  of  parameter  variations  are  tabulated  in  current  Army  publi¬ 
cations.  A  more  refined  evaluation  requires  a  knowledge  of  the  ice 
properties  and/or  field  testing.  Selected  references  are  given 
which  treat  these  refinements. 

If  continued  operation  on  the  ice  is  considered  or  if  ice 
temperatures  are  warm  CRREL  should  be  contacted. 
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THE  PARTICLE  DYNAMICS  OF  PENETRATION 


JAMES  DEHN,  DR. 

ARRADCOM,  BALLISTIC  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  MD.  21005 


Mathematical  modeling  of  the  target  penetration  process  is  an 
old  field  and  the  great  variety  of  models  we  now  have  reflects  this 
fact.  At  one  end  of  the  model  spectrum  we  have  simple  empirical 
interpolation  formulas  which  can  serve  as  convenient  summaries  of 
what  we  know  already,  though  they  cannot  further  our  understanding. 

At  the  other  extreme  we  have  very  complicated  continuum  models  which 
include  all  the  science  we  think  is  appropriate  and  offer  the  possi¬ 
bility  of  prediction  without  further  experimentation.  However,  such 
advanced  models  have  a  number  of  shortcomings  at  present.  On  the  one 
hand,  many  of  the  material  properties  needed  to  implement  them  have 
not  been  measured,  while  on  the  other,  the  numerical  methods  used  in 
solving  the  equations  involved  are  not  yet  sufficiently  advanced  to 
provide  either  rapid  or  routine  calculational  tools.  Consequently, 
they  have  not  yet  improved  our  understanding  of  penetration  very  much, 
at  least  in  the  ordnance  range.  Between  these  two  extremes  there  are 
a  number  of  intermediate  approaches  which  are  based  on  simplified 
physical  laws  and  so  offer  the  possibility  of  improved  understanding 
together  with  a  calculational  tool  which  can  be  routine,  rapid  and 
reliable. 

The  oldest  type  of  simplified  physical  model  in  use  consists  of 
replacing  the  projectile  by  a  mass  point  and  the  target  by  a  force 
field.  If  the  striking  mass,  m  ,  is  constant  in  time,  then  the  equa¬ 
tion  ° 

m^v  =  F  =  -(a  +  b^v  +  b^v^)  ’  (1) 

can  be  used  to  describe  certain  types  of  rectilinear  motion.  Here  a. 
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and  are  constants  so  the  force,  F,  is  a  quadratic  form  in  the 

velocity,  v.  Euler  and  Robins  in  1742  applied  this  equation  to 
target  penetration  with  b^  =  b^  =  0,  In  1830  Poncelet  did  the  same 
with  only  b^  =  0,  while  Resal  continued  this  tradition  in  1895  by 
applying  the  solution  with  only  a  =  0.  Today  we  know  that  both  the 
velocity,  v  =  s,  and  the  displacement,  s,  can  be  found  explicitly  as 
closed  form  functions  of  time  by  standard  integrations  with  none  of 
the  constants  zero. 

In  applications  of  equation  (1)  to  penetration  problems,  the 
force  is  taken  antiparallel  to  the  velocity  and  the  ^normal”  case  of 
zero  obliquity  impact  is  discussed.  Thus  equation  (1)  is  limited  to 
one-dimensional  motion,  since  there  is  no  force  component  to  make  the 
mass  deviate  from  a  straight  line.  This  is  a  severe  limitation  since 
curvilinear  motion,  including  ricochet,  is  known  to  occur.  Even  for 
rectilinear  motion  the  force  in  equation  (1)  cannot  describe  embedment 
of  the  projectile  in  the  target  unless  a  =  0.  If  a  0,  then  F  can 
never  vanish  and  the  mass  can  come  to  rest  only  momentarily  instead  of 
permanently  as  occurs  in  the  case  of  embedment. 

The  constant  a  in  equation  (1)  has  been  interpreted  as  the 
force  needed  to  detach  a  certain  amount  of  target  material  and  move  it 
out  of  the  way  of  the  projectile  as  a  single  plug  or  in  some  other 
manner.  Since  a  projectile  of  larger  cross-sectional  area.  A,  must 
move  more  target  material,  this  force  is  usually  taken  to  be  propor¬ 
tional  to  A.  Similarly,  since  a  thicker  target  plate  will  require  the 
removal  of  more  material  for  a  given  A,  we  might  also  take  this  force 
proportional  to  the  target  thickness,  T.  Thus,  the  product,  AT,  be¬ 
comes  a  lower  bound  on  the  volume  of  target  material  which  is  removed 
during  a  complete  perforation.  If  the  projectile  striking  speed,  v  , 
is  increased,  then  in  general  more  momentum  will  be  transferred  to 
the  material  which  is  removed,  so  it  is  also  reasonable  to  assume  a 
dependence  of  this  force  on  v  as  well.  In  this  paper  we  will  use  the 
simple  assumption  that  ^ 

a  =  a  T  +  a-v  (2) 

o  1  o  ^  ^ 

where  a^  and  a^  depend  on  the  properties  of  the  target  and  projectile 
as  well  as  the'^projectile  shape. 

Another  interpretation  for  part  of  this  force  is  the  frictional 
resistance  offered  by  the  target  which  depends  on  the  area  of  contact 
rather  than  the  cross-sectional  area.  It  also  depends  on  the  pressure 
in  the  simplest  approximation  and  so  also  depends  on  v^.  \ 
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The  term  b^v  in  equatiQn(l)  can  be  called  a  viscous  force. 

This  does  not  imply  the  presence  of  the  liquid  state.  The  terminol¬ 
ogy,  "viscosity  of  solids"  is  well  established  and  only  implies  a 
proportionality  between  shear  stress  and  time  rate  of  strain.  The 
viscosities  of  various  solids  have  been  measured  up  to  explosive  rates 
of  motion  and  a  discussion  of  these  experiments  has  been  given  by 
Walters^.  This  force  also  will  depend  on  the  geometry  of  the  projectile. 
For  a  sphere  moving  through  a  viscous  liquid,  for  example,  Stokes'  law 
gives  us  a  force  which  depends  on  the  radius  of  the  sphere  as  well  as 
the  speed. 

The  term  b^v  in  equation  (1)  can  be  called  a  drag  force. 

Again  this  does  not  imply  the  presence  of  a  liquid.  Drag  forces  ij^ 
solids  are  not  well  studied,  but  they  should  also  depend  on  the  cross- 
sectional  area  of  the  projectile.  In  an  isotropic  fluid  such  as  still 
air,  the  components  of  the  drag  force  are  ^2^^ 

coordinates  x  and  z  with  . In  an  anisotropic  medium  we 

might  use  b^  b^  or  the  components  of  the  speed  instead  of  the  speed, 
or  both.  Since  penetration  problems  of  interest  are  very  anisotropic 
because  of  the  presence  of  air-metal  interfaces  which  make  the  resis¬ 
tance  parallel  or  perpendicular  to  such  interfaces  quite  different,  we 
propose  the  form  b^^s  with  s  =  x,y,z  in  general. 

Several  of  the  forces  described  above  involve  areas  which  can 
depend  on  the  depth  of  penetration.  For  example,  for  a  projectile  with 
a  curved  nose  the  cross-sectional  area  will  increase  as  it  penetrates 
more  deeply,  while  for  a  long  rod  the  contact-  area  will  increase  with 
penetration  depth.  Such  behavior  will  not  generally  be  simply  propor¬ 
tional  to  s.  If  the  trajectory  is  curved  the  situation  may  change  in 
time  and  when  a  projectile  enters  its  final  breakout  phase  before 
exiting  the  target  in  a  ricochet  or  perforation,  the  various  forces 
being  described  may  decrease  as  the  penetration  progresses.  In  any 
(Case  the  amount  of  target  material  moved  out  of  the  way  in  time  t 

depends  on  s,  the  jcurrent  length  of  the  trajectory.  For  simplicity 
we  will  assume  a  form  cs  with  s  =  x,y,z  and  c  constant. 

This  line  of  reasoning  suggests  that  we  consider  component 
equations  of  motion  of  the  form 

ms  +  F  =  ms  +  a„  +  b.s+  b,  s  +  c  s  =  0  (3) 

o  s  o  s  Is  2s  s 

where  s  =  x,y,z  in  a  rectangular  coordinate  system  with  origin  at 
the  point  of  impact.  For  a  plate  target  let  us  take  the  z;  axis 
pointing  along  the  line  of  flight  of  a  projectile  which  impacts  at 
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zero  obliquity  and  choose  the  x  axis  so  that  an  oblique  striking  veloc¬ 
ity  vector  lies  in  the  x,z  plane.  Then  the  y  coordinate  is  ignorable 
for  such  a  target  which  is  "effectively  infinite"  in  the  x,y  plane. 
Analysis  shows^  that  we  can  neglect  the  b2sS^  term  in  equation  (3)  and 
still  describe  ricochet,  embedment  and  perforation.  However,  we  cannot 
do  this  if  we  neglect  the  c^s  term.  This  is  fortunate  since  we  can  find 
an  exact  solution  for  equation  (3)  if  we  neglect  bo  Such  a  solution 
should  be  appropriate  for  lower  speeds  like  those  ^  of  ordnance  interest 
and  can  be  amended  if  we  wish  to  include  hypervelocity  impacts.  Without 
4.1.^  t.  o  solution  is 


the  b2s^ 


where  A 


s  =  v 


Is 

at 


n  t 

s  =  Ais  e  _ 

A  Y 
s's 

Here  v 


A  e 
Is 


Y 

's 


+  A 


(4) 


(V 


os 

0 


)/(Y^ 

=■  V 


IS 


Y  )  for  initial  conditions  s  =  0  and 

-  -  sin  0^  and  v  =  v  cos  9  where  0 

the  striking  obliquity  measured  counterclockwise  fr8m  the  negative  z  axis 
to  v^.  In  addition  Y*  =  -  c^/raj  where  a  =  b  /(2  m  ),  and 

^  Yg  <  0  if  s  and  s  always  remain  finite,  degenerate°case  of 


a  = 
s 


c  /m  has  a  special  solution^.  Positive  c  and  real  y?  requires 


<  c  <  m  a 
s  os 


The  constants  A  in  equation  (4)  are  position  components  of  a 
stable  node  and  have  the  form 


A  =  - 
s 


a  /c  =  -(a  T  +  a,  V  )/c 
s  s  os  s  Is  os  s 


(5) 


when  we  use  equation  (2)  in  component  form.  Here  T  =  T  while  T  =  T  tan 
®o'  include  the  b^^s^  term  we  can  write  approximate  solutions  by 

using  standard  perturbation  theory  or  we  can  construct  closed  forms  which 
reduce  to  the  known  solutions  when  h„  r*:  0  or  c  ->  0.  We  will  not  dis¬ 
cuss  such  matters  here.  Instead,  let  us  consider’^the  force  components 
at  the  ricochet  limit  velocity,  v  ,  and  at  the  perforation  limit  velo¬ 
city,  V  pj .  At  the  ricochet  limit  v^  =  v  and  F  =  z=z  0  as  t  -»■  «>, 
so  (even  if  we  retain  the  drag  forcef  ^ 


0  =  -  [a  T  + 
'■  oz 


^Iz^ozRL^ 


and  at  the  perforation  limit,  v 


0  =  -  [a 


oz 


oz 

T 


=  V  n, ,  z  -»•  T  and  F  = 
ozPL  z 


^Iz^ozPL 


c  T], 
z  ■' 


(6) 

0  as  t  ->■  00,30 
(7) 


From  equations  (6)  and  (7)  we  can  find  a  /c  and  a,  /c  in  terms  of 

z  z  ^  z  z 

%zRL’  '^ozPL  If  we  use  these  values  in  equation  (5),  we  obtain 


^z  ^^^oz"  ^ozRL^^^%zPL  "  %zRL^ ' 


(8) 
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If  V  <  V  ,  then  A  <  0  and  ricochet  will  occur. 

oz  ozRL  z 

If  V  >  V  p. ,  then  A  >  t  and  perforation  will  occur. 

OZ  OZr  Li  Z 

If  0  <  A  <  T,  then  embedment  will  occur.  Thus  A^,  the  z-component 
of  the  final  position,  is  a  convenient  index  for  predicting  the 
eventual  outcome.  A  similar  procedure  for  the  x-component  of  the 
force  gives 

\  ^  *^^AL%xPL  ■  ^PL  ‘^^PL"  ’'rL^%x^/*^%xPL‘%xRL^* 

For  the  z-component  we  had  the  ricochet  limit  position  z  =  0  and  the 

perforation  limit  position  z  =  T.  Similarly,  x  and  Xp^  are  the 

x-components  of  these  limit  positions  and  A  is  tne  x-component  of 

the  final  position  towards  which  the  motion^tends .  Since  all  of 

these  limit  positions  and  velocities  are  measurable  quantities,  then 

ef  /'c  /  c  and  so  ^  /c  for  A  )  for  s  =  x,y  can  be  determined 

bs'  S'  Is"  s  s  s  ^  s  ■ 

experimentally. 

As  mentioned  above,  the  b-  parameters  can  be  estimated  from 
viscosity  experiments.  For  a  sphere  we  can  take  advantage  of  the 
fact  that  Stokes’  law  is  proportional  to  the  speed  and  write 
b-  s  ^  Rys  where  R  is  the  radius  and  y  is  the  dynamic  (density- 
dependent)  viscosity  as  discussed  by  Walters^ .  For  other  shapes  we 
might  expect  somewhat  different  forms.  If  we  neglect  the  h2^  para¬ 
meters  we  are  ready  to  calculate  trajectories,  exit  speeds  and  exit 
angles  for  a  variety  of  conditions. 

Figures  la  and  lb  show  the  exit  speed  and  exit  angle  of  a  one 
gram  steel  sphere  which  strikes  a  9.53  mm  thick  aluminum  plate  at 
0  =  45°  over  a  range  of  v  which  covers  the  ricochet,  embedment  and 

perforation  regions.  The  Sata  points  were  obtained  by  Backman  and 
Finnegan^,  while  the  solid  lines  were  calculated  by  using  the  time 
derivatives  of  the  components  in  equation  (4)  with  the  parameters 
indicated  in  the  Figures.  The  exit  speed  is  v  =  /x^+  z^  while  the 
exit  angle,  0  =  arc  tan  (x/z),  is  measured  from  the  z  axis  in  the 
counterclockwise  direction.  For  perforation,  0  <  90°,  while  for 
ricochet  0  >  90°.  Similar  calculations  for  other  striking  obliquities 
from  0  to  60  degrees  using  the  same  parameters  also  show  general 
agreement  with  experiment.  Comparisons  for  other  materials  and  other 
target  and  projectile  geometries  are  in  progress.  If  we  retain  the 
^2s^^  term  in  equation  (3),  the  agreement  with  experiment  can  be 
improved . 

Now  let  us  extend  our  linear  model  to  an  eroding  penetrator. 

For  a  constant  mass  penetrator  energy  is  dissipated  through  the 
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Figure  lb.  Measured  and  calculated  exit  angles  for  steel  spheres  vs  aluminum  plates  at 
45®  obliquity. 
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viscous  term  and  shows  up  as  a  decrease  in  velocity.  If  m  ^  0, 
energy  can  also  be  dissipated  by  a  decrease  in  mass.  Since  the  only 
dissipative  term  we  have  in  our  force  field  is  the  viscous  term,  we 
might  consider  amending  this  term  to  reflect  this  additional  means  of 
dissipating  energy.  If  we  modify  this  term  to  be  (b^  -  e  mjs  where 

is  a  positive,  dimensionless  constant,  we  have  a  form  w^ich  reduces 
to  our  previous  form  when  m  =  0.  If  m  <  0  and  mass  is  lost,  then  this 
term  is  larger,  and  if  m  >  0  it  is  smaller.  Cases  of  m  >  0  could 
include  precipitation  of  various  kinds,  while  cases  of  m  <  0  could 
include  re-entry  shield  ablation,  penetrator  erosion  and  a  variety  of 
other  phenomena.  Our  equation,  neglecting  drag,  becomes 

ms  +  ms  +  +  (b^^.  -  e^m)  s  +  c^  s  =  0  (10) 

which  reduces  to  equation  (3)  for  ^  =  b^  =  0.  If  we  make  an  arbitrary 
transformation  of  the  independent  variable,  time,  to  a  new  independent 
variable,  (|),  we  find 


Ms"  +  Bs’+a^  +  cs  =  0 
s  s  s 

(11) 

where  a  prime  means  d/d<p  and 

M  =  m^ 

(12) 

while 

Bg  =  [m^'  +  bj^  +  (l-eg)m] 

(13) 

Since  we  are  free  to  choose  (()(t),  let  us  choose  it  so  M  and  B  in 
equations  (12)  and  (13)  are  constants.  Then  m  =  -2m(})^from  equation 
(12)  so  we  can  eliminate  m$^  from  equation  (13)  and  obtain 

"  [^1  )m  ]  $  since  B  is  constant.  In 

^  J.  5  S  J.  5  SO  O  *  ^  # 

order  that  ^  in  the  constant  mass  case,  m  =  m  .  =  0,we  must 
have  Bjg  =  bj^  or  =  1.  Thus  M  =  m|  =  =  For  this 

reason  we  will  call  this  choice  of  (J)  a  constant  mass  transformation.  If 
we  eliminate  m  and  m  from  equation  (13)  in  favor  of  and  we  can 
integrate  with  respect  to  (j)  to  obtain  ^  and  then  with  respect  to  t  to 
obtain 

(bjs/Bs)  <t>  +  D^(l-bjg/B^Kl  -  =  t  (14) 

as  the  transformation  which  makes  M  and  B  constant.  Here  D  =  m  (2e  -1)/ 
B^.  If  we  use  |  in  equation  (12),  we  fin|  ^  ^ 

m  =  m  [(l-b//B  )e"'*’/®s  +  b,  /B  (15) 

O  *■  Is  s  Is  s 

and  the  solution  of  equation  (11)  is 
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Figure  2.  Dural  rod  penetrating  polyethylene;  measui'ed  and 
calculated  values. 
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Figure  3.  Residual  speed  and  mass  versus  striking  speed  for  a 
long  steel  rod  penetrating  a  steel  plate:  measured 
and  calculated  values. 
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with  the  same  mode  A  as  equation  (4) .  Here  and  are 

analogous  to  A““  and  Y  ““  above. 

Is  ^ 

*  2 

If  we  analyze  the  case  m  <  0,'  we  find  that  for  e^>  .5  and 
b  >  0,  m  will  not  vanish,  although  it  may  become  very  small  if 
b^®/B  «  1.  For  e  <  -5  m  will  always  vanish  in  a  semi-infinite 

target.  Since  penetrators  do  not  always  vanish  in  a  semi-infinite 
target,  we  see  why  e  =0  in  equation  (10)  (a  particular  case  of 
e  <  .5)  is  not  a  geSeral  enough  case  to  apply  to  penetration, 
s 


We  have  applied  the  particular  solution  represented  by  equa¬ 
tions  (14),  (15),  and  (16)  to  a  variety  of  problems.  A  special  case 
of  a  frictionless  harmonic  oscillator  with  variable  mass  is  a  liquid- 
filled  vessel  of  constant  horizontal  cross-section  with  a  hole  in  the 
bottom  through  which  it  loses  its  contents  as  it  oscillates  on  a 
spring  in  the  earth's  gravitational  field.  Here  we  will  merely 
mention  the  result^  that  the  motion  and  its  variable  periodicity  can 
be  described  over  many  cycles  from  full  to  nearly  empty  vessel  with 
an  accuracy  of  better  than  5%.  Our  main  interest  here  is  to  apply 
this  solution  to  an  eroding  penetrator. 


Figures  2a  and  2b  give  the  depth  of  penetration,  P  =  z+V2, 
of  the  tip  of  a  dural  rod  of  initial  length  £  =  63.5  mm  and  constant 

diameter  d  =  6.35  mm  and  the  variable  length  Z  =  m/[TTpd^/4]  versus 
time  in  a  semi-infinite  polyethylene  target.  The  data  was  obtained 
by  Tate^  while  the  calculations  employed  equations  (14) , (15)  and  (16) . 

An  alternate  force  calculation  compatible  with  equations  (14)  and  (15) 
gave  the  dashed  curve. 

Figures  3a  and  3b  give  the  exit  speed  and  the  fractional  mass 
remaining  after  perforation  of  a  6.35  mm  thick  steel  plate  by  a  7.78 
gm  steel  rod  (A  /d  =  50  mm/5  mm)  striking  end  on  at  zero  obliquity  ^ 
and  various  speeds,  v  .  The  data  were  obtained  by  Herr  and  Grabarek 
while  equations  (14) ,^(15)  and  (16)  were  used  for  the  calculation.  An 
alternate  force  calculation  compatible  with  equations  (14)  and  (15) 
gave  the  dashed  curve.  For  simplicity  the  initial  erosion  rate  was 
taken  to  be  independent  of  v  ,  although  better  agreement  could^have  ^ 
been  obtained  by  assuming  that  m  is  a  function  of  v^.  Since  m  declines 
only  slightly  during  the  brief  times  required  for  perforation  over  the 
measured  range  of  v  ,we  have  a  simple  explanation  for  the  observed 
fact  that  the  length  of  rod  remaining  increases  as  v^  increases  (for  a 
fixed  target  thickness).*  At  higher  v^  the  projectile  spends  less  time 
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in  the  target  so  that  less  erosion  takes  place  (since  the  rate  is 
approximately  constant) .  Other  types  of  behavior  are  also  allowed 
by  the  model^. 

In  this  paper  we  have  discussed  a  model  which  describes  the 
particle  digamies  of  penetration  in  a  manner  which  can  improve  our 
understanding  and  provide  us  with  a  routine,  rapid  and  reasonably 
reliable  method  of  calculation.  Once  a  library  of  experimental 
results  has  been  Established  we  should  be  able  to  interpolate  and 
extrapolate  with  considerable  confidence.  The  model  describes  the 
main  features  of  oblique  penetration,  namely  exit  speed,  angle  and 
mass,  over  the  entire  region  of  interest,  including  richochet 
embedment  and  perforation.  Applications  to  multiple  plate  targets 
and  other  geometries  should  also  be  possible.  In  addition,  other 
features  of  interest  such  as  projectile  breakup2  can  be  linked  with 
this  model. 
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INTRODUCTION 

Nitrocellulose  (NC)  based  small  arms  propellants 
utilize  a  material  called  a  deterrent  in  order  to  moderate  their 
burning  rates  early  in  the  ballistic  cycle  when  the  surface  area 
of  the  propellant  is  at  maximum.  In  spherical-type  propellant, 
di-n^-butyl  phthalate  (DBP,  a  deterrent)  is  diffused  into  a  portion 
of  the  propellant  grain.  The  concentration  profile  of  DBP  in 
ball  propellant  was  established  by  autoradiographic  techniques  (1). 
This  work  indicated  that  the  concentration  of  DBP  was  level 
throughout  its  depth  of  penetration  with  an  abrupt  drop-off  at 
the  boundary.  Examination  of  sectioned  grains  under  a  microscope 
revealed  the  presence  of  a  visually  distinct  concentric  region 
around  the  periphery  of  the  grain  (1).  Measurement  of  the  depth  of 
this  region  and  comparison  with  autoradiographic  data  indicated 
that  it  corresponded  exactly  to  the  visually  observed  deterred 
layer  of  the  grain  (1).  A  series  of  subsequent  studies  established 
that  hydrogen  bonding  occurs  between  a  variety  of  deterrent 
materials  (2)  and  unesterified  hydroxyl  groups  in  nitrocellulose. 
Specifically,  the  carbonyl  groups  of  DBP  hydrogen  bond  to  the 
unesterified  hydroxyl  groups  in  nitrocellulose. 

The  depth  of  deterrent  penetration  into  the  nitrocellulose 
grain  is  an  important  parameter  in  charge  design  since  it  controls 
the  gas  generation  schedule.  This  study  describes  a  novel  method 
for  altering  this  depth  for  a  given  molar  concentration  of  deterrent 
material,  utilizing  the  information  gained  in  the  previous 
studies  (1-4) . 
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EXPERIMENTAL 

NC  spheres  used  in  this  study  were  undeterred  WC  870 
ball  propellant  made  by  Badger  Army  Ammunition  Plant,  The  moisture- 
free  composition  of  the  NC  spheres  was  1.22%  diphenylamine,  0,49% 

EA,  0.64%  DNT,  0.31%  DBP  (both  DNT  and  DBP  are  present  as  contaminants), 
9.40%  NG,  and  87.94%  NC  (13.15%N)  determined  by  difference  from  a 
solvent  extractable  fraction.  The  spheres  ranged  in  size  from 
0.034  to  0.27  in.  (.086-. 688  cm).  The  methyl  benzoate  was 
purchased  from  Aldrich  Chemical  Co.,  and  the  ethyl,  propyl  and 
butyl  benzoate  were  acquired  from  Eastman  Organic  Chemicals. 

Scaled-Down  Deterring  Process 

Two  hundred  grams  of  WC  870  propellant,  500  ml  water 
and  1.3  grams  Swifts  Colloid  #1  (Swift  and  Co.)  were  placed  in  a 
2-liter,  three-neck  flask  equipped  with  a  stirring  blade  and  a 
condenser.  During  the  deterring  process  the  flask  was  placed  in 
a  constant-temperature  water  bath  and  maintained  at  76°+  0,5°C 
for  six  hours  with  constant  stirring. 

A  separate  emulsion  of  each  benzoate  was  prepared  by  dis¬ 
solving  O.lg  of  Swifts  #1  Colloid  in  50  ml  water  and  adding  the 
weight  of  benzoate  shown  in  Table  I,  This  emulsion  was  maintained 
at  76  C  prior  to  addition  to  the  flask.  The  amount  of  deterrent 
supension  added  to  the  flask  is  given  in  Table  I.  After  addition 
of  the  deterrent  emulsion,  the  flask  was  maintained  at  76°+  0.5°C 
for  six  hours  with  constant  stirring.  These  conditions  have  been 
shown  to  result  in  the  quantitative  transfer  of  deterrent  to  the 
propellant  grains. 

At  the  end  of  the  six  hour  period  the  liquid  was  poured  off 
and  the  propellant  washed  with  1  liter  of  water.  After  washing, 
the  deterred  propellant  was  allowed  to  air  dry  overnight  at 
ambient  temperature. 

Micro toming 

,  Thirty  individual  grains  of  the  deterred  propellant 
from  each  run  were  mounted  on  1/8  in.  ceramic  rods  with  Titebond 
Glue  (Franklin  Glue  Co.)  and  microtomed  into  sections  about  22y 
thick.  The  sections  were  then  mounted  on  microscope  slides  with 
Permount  (Fisher  Scientific  Co.), 
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Measuring 

The  mounted  grain  segments  were  examined  using  a  Unitron 
TMS-1566  measuring  microscope  equipped  with  a  lOX  eyepiece  and 
lOX  objective  lens.  The  maximum  error  in  measuring  the  depth  of 
penetration  was  +5]j.  The  relative  depth  of  penetration  for  each 
deterrent  was  determined  by  measuring  the  diameter  and  depth  of 
penetration  of  the  grains.  In  some  cases  the  grains  were  oblong 
so  the  major  and  minor  axes  were  measured  and  the  diameter  taken 
as  the  average. 

Table  I.  Benzoate  and  Benzoate  Emulsion  Weights. 


Compound 

Weight  (grams) 

Weight  Emulsion  (grams) 

Methyl  benzoate 

5.87 

9.78 

Ethyl  benzoate 

6.47 

10.79 

n-Propyl  benzoate 

7.08 

11.48 

n~Butyl  benzoate 

7.68 

12.80 

Discussion 

< 

The  purpose  of  this  study  was  to  measure  the  depth  of 
penetration  of  a  homologous  series  of  benzoic  acid  esters  when 
diffused  into  a  spherical  nitroglycerine  containing  nitrocellulose 
propellant  grain.  Past  work  involving  di-n-butyl  phthalate  has 
established  that  the  concentration  is  level  through  the  deterred 
region  (1)  and  that  hydrogen  bonding  occurred  between  the  ester 
carbonyl  group  and  unesterified  hydroxyl  group  in  nitrocellulose  (2). 

A  subsequent  study  indicated  that  the  observed  concentration 
profile  could  best  be  explained  by  a  diffusion  with  interaction 
mechanism  (3).  In  such  a  case,  deterrent  molecules  would  move 
into  the  nitrocellulose  matrix  until  steric  and  electrostatic 
factors  allowed  an  interaction  to  occur  with  unesterified  hydroxyl 
groups  in  the  nitrocellulose.  Subsequent  deterrent  molecules 
would  then  be  forced  to  move  deeper  intO\the  grain  in  order  to 
interact  with  these  hydroxyl  groups. 

The  benzoic  acid  esters  are  of  potential  interest  as 
deterrent  materials  and  for  this  reason  were  the  subject  of  an 
investigation  involving  their  hydrogen  bonding  pi^operties  when 
present  in  a  nitrocellulose  matrix.  This  study  e^ablished  that 
hydrogen  bonding  occurred  between  the  benzoic  acid  ester  carbonyl 
group  and  unesterified  hydroxyl  groups  in  nitrocellulose  (4) 
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and  developed  a  relationship  between  Tafts  o*  value  and  the 
magnitude  of  the  shift  in  the  hydroxyl  stretching  frequency  in 
the  infrared  (4). 

Methyl,  ethyl,  n~propyl  and  n-butyl  benzoate,  at  equivalent 
molar  concentration,  were  diffused  into  ball  propellant  utilizing 
a  scaled-down  manufacturing  technique.  The  resulting  deterred 
propellant  was  microtomed,  and  both  the  diameter  of  the  grain  and 
the  diameter  of  the  undeterred  region  were  measured.  From  this  data 
the  radius  of  the  grain  (Ro)  and  the  radius  of  the  undeterred 
region  (Ri)  were  obtained. 


In  order  to  minimize  the  effect  of  particle  size  variation, 

(Rit  3 

— j  .  This  data  for  each 

benzoic  acid  ester  is  shown  in  Table  II.  It  can  be  seen  that  the  methyl 


ester  gave  the  lowest  value  for 


(n)’ 


indicating  the  deepest  penetration 
/Ri\  ^ 

at  ion  between  /r— I  and  the 


into  the  grain.  Fig,  1  shows  a  correlation  between  the 

shifted  hydroxyl  stretching  frequency  data  previously  reported.  There 
appears  to  be  a  linear  relationship  between  depth  of  penetration  and 
observed  shift  in  the  hydroxyl  stretching  frequency. 


Further  examination  of  the  Taft  a*  (indication  of  the  electron 
donating  effect  of  the  various  groups)  listed  in  Table  II  shows  that  the 
molecule  containing  the  group  with  the  least  electron  donating  effect, 
the  methyl  group,  penetrated  deepest  into  the  grain.  As  the  Taft 
constants  increase  in  magnitude,  the  electron  donating  effect  of  the 
group  increases  and  more  negative  charge  would  be  present  on  the 
carbonyl  oxygen  as  shown  below: 


Table  II.  Taft  Constants  and  Depth  of  Penetration  Expressions. 


Compound  a*  .  -  f  Ri\  ^ 

\Ro/ 

methyl  benzoate  0.00  0.235 

ethyl  benzoate  -0.10  0.255 

n-propyl  benzoate  -0.12  0,350 

n-butyl  benzoate  •  -0.13  0.480 


Thus,  the  methyl  ester  would  have  the  least  negative  character 
while  the  butyl  ester  would  have  the  most.  It  appears  that  as  a 
molecule  is  diffused  into  the  nitrocellulose  matrix,  the  likelihood 
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of  an  interaction  with  a  free  hydroxyl  group  is  enhanced  by 
increased  negative  charge  on  the  carbonyl  oxygen.  This  explains 
why  the  methyl  ester  penetrated  deepest  into  the  grain  while  the 
butyl  ester  penetrated  least.  Thus  it  appears  that  the  depth  of 
penetration  of  a  deterrent  can  be  regulated,  for  a  given  molar 
concentration,  by  the  negative  charge  present  on  the  carbonyl  oxygen 
which  in  turn  determines  the  likelihood  of  a  hydrogen  bond  being 
formed.  This  finding  could  serve  as  a  basis  for  evaluating  potential 
deterrent  materials  as  well  as  serving  as  a  novel  means  for  regulation 
of  the  propellant  gas  generation  schedule. 
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INTRODUCTION 

The  self-mixing  oscillator  has  been  of  considerable  interest  in 
recent  years  (l)-(3)  because  it  embodies  simplifications  for  the  cir¬ 
cuitry  of  electronic  systems.  Schottky  barrier  and  other  rectifier 
diodes  suffer  from  the  disadvantage  of  fragility  and  low  burn-out 
power  limit.  Bulk  effect  self-oscillating  mixers  using  the  non-lin¬ 
earity  of  transferred  electron  (GUNN)  devices  offer  competitive  sen¬ 
sitivities  and  the  attractive  feature  of  high  power  handling  capabil¬ 
ity. 

Conventional  mixers,  ususally  consist  of  a  mixer  diode  of  the 
rectifier  type  and  a  separate  local  oscillator.  In  the  self-oscillat¬ 
ing  mixer,  the  mixer  diode  is  eliminated,  the  Gunn  diode  (or  BARITT 
diode)  serving  both  as  a  local  oscillator,  and  because  nonlinearities 
are  always  present  in  an  oscillator,  as  a  mixing  element.  With  the 
Gunn  diode  oscillator  serving  both  these  functions,  the  integrated 
receiver  front-end  design  using  the  dielectric  image  guide  approach 
becomes  extremely  compact  and  simplified.  In  the  latter  arrangement, 
the  signal  is  fed  directly  into  the  oscillator  and  a  suitable  IF 
probe  removes  the  IF  signal  power  for  use  in  subsequent  amplifier 
stages.  What  makes  self-oscillating  mixing  different  intrinsically 
from  the  conventional  mixing  process  with  a  passive  device  (such  as 
the  Schottky  junction  diode)  is  that  self-mixing  occurs  with  conver¬ 
sion  gain  (rather  than  loss)  similar  to  parametric  amplification  (1), 
(3). 


One  of  the  objectives  of  this  work  was  the  design  of  self-oscil 
lating  mixers  with  considerable  simplification,  with  the  attendant 
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reductions  in  cost.  In  the  quest  for  lower  cost,  the  dielectric  wave¬ 
guide  (or  Image- line)  technology  was  applied  using  a  Gunn  diode.  In  a 
simply  constructed  cavity.  In  a  self-excited  oscillator-mixer  mode  of 
operation.  Both  GaAs  and  InP  Gunn  diodes  were  Imbedded  In  an  aper¬ 
ture  which  was  cut  In  a  high  resistivity  aluminum  oxide  dielectric 
waveguide.  The  significance  of  the  dielectric  waveguide  technology  Is 
that  active  devices,  as  well  as  passive  components,  can  be  developed 
and  Integrated  Into  circuit  modules  to  construct  functional  subsystems, 

DEVICE  DESIGN 

The  metal  waveguide  self-mixing  oscillator  utilizing  a  coax- 
waveguide  hybrid  circuit  Is  shown  In  Fig.  1.  The  packaged  diode  Is 
Imbedded  In  a  copper  heat  sink  at  the  end  of  a  coaxial  line  section. 

A  large  section  of  the  outer  conductor  Is  removed  with  the  removed 
section  facing  the  waveguide  opening  to  form  a  broad-band  coaxlal-to- 
waveguide  transition.  A  w1 de-band  choke  terminates  the  opposite  end 
of  the  line.  The  dc  bias  to  the  Gunn  diode  and  extraction  of  the  IF 
signal  Is  also  provided  at  this  end.  The  dielectric  waveguide  oscil¬ 
lator  cavity  design  Is  based  on  an  Image-line  concept  first  formulated 
by  Marcatill  (4)  and  modified  for  millimeter-waves  (5),  (6).  The 
fundamental  electromagnetic  wave  propagating  in  a  dielectric  waveguide 
Is  the  eY,  mode,  a  hybrid  mode  which  propagates  when  correctly  launch¬ 
ed.  Theory  Indicates  that  the  dielectric  waveguide  for  proper  opera¬ 
tion  should  be  on  the  order  of  one  wavelength  In  the  medium  In  width, 
and  less  than  one-half  wavelength  in  height.  At  60  GHz,  cross-section¬ 
al  dimensions  of  the  dielectric  guides  were  oversized,  I.e.,  slightly 
greater  than  1  millimeter  in  height  and  about  2  millimeters  In  width. 
Experiments  indicated  that  In  this  oversized  condition,  the  EY,  mode, 
dominated.  The  resonant  length  of  the  dielectric  section  In  back  of 
the  diode  chosen  for  optimum  power,  was  approximately  (2n+l)A/2  In 
length. 

A  simplified  schematic  of  the  self-oscillating  mixer  (Fig.  2) 
shows  the  manner  of  coupling  to  the  metal  waveguide;  note  that  one 
end  of  the  resonant  cavity  Is  tapered.  The  dielectric  Image  guide 
taper  can  effect  a  low  loss  match  to  the  metal  waveguide  by  sliding 
the  tapered  end  Into  the  metal  v/aveguide  for  maximum  power  transfer.  ■ 
This  matching  condition  also  yielded  optimum  IF  output  when  the  RF 
Input  signal  was  Introduced.  Fig.  3  gives  a  more  detailed  cut-away 
view  of  the  device  Investigated;  the  IF  exits  out  of  the  top  of  the 
dielectric  guide  with  a  metal  disc  being  used  as  a  matching  element 
from  the  Gunn  diode  to  the  dielectric  waveguide.  Fig.  4  shows  an 
exploded  view  of  a  60  GHz  dielectric  waveguide  self-oscillating 
mixer  which  utilizes  a  tuneable  short  to  optimize  performance;  Fig.  5 
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shows  the  same  unit  ready  for  operation. 

Referring  to  Fig.  4,  the  metal  housing  was  designed  for  minimum 
radiation  leakage  with  dimensions  that  were  oversized  with  respect 
to  WR-15  waveguide.  The  Gunn  diode  is  mounted  flush  with  the  bottom 
of  the  metal  structure.  The  aluminum  oxide  dielectric  waveguide 
with  tapered  front  end  was  bonded  to  the  metal  housing  in  such  a  way 
that  the  Gunn  diode  tip  protruded  up  into  the  dielectric.  A  0.045" 
hole  in  the  dielectric  waveguide  allowed  the  IF  and  bias  voltage  post 
to  come  down  and  make  a  pressure  contact  with  the  top  of  the  Gunn 
diode.  This  method  of  applying  the  bias  voltage  made  it  possible  to 
mount  a  tuning  short  behind  the  dielectric  guide. 

EXPERIMENTAL  RESULTS 

Fig.  6  shows  the  output  power  and  frequency  characteristics  of  an 
InP  diode  in  a  waveguide  cavity  as  a  function  of  the  bias  voltage. 
Note  that  the  frequency  can  be  tuned  over  a  range  of  280  MHz  with  a 
change  of  bias  of  1.2  volts;  this  change  in^bias  voltage  gave  a 
change  in  output  power  from  19  to  23  mW.  Similar  characteristics 
were  obtained  with  the  GaAs  Gunn  diode  in  a  waveguide  cavity  except 
that  the  peak  bias  voltage  was  in  the  order  of  4.5  volts  with  peak 
powers  of  6.5  mW.  These  peak  output  powers  are  typical  of  those 
used  in  the  self-mixing  experiments. 

In  the  quest  for  a  much  lower  cost  device,  GaAs  and  InP  Gunn 
diodes  were  imbedded  in  an  image  guide  cavity  structure  and  their 
performance  evaluated.  This  is  the  first  time  InP  Gunn  diodes  have 
been  evaluated  as  self-mixing  oscillators  either  in  metal  waveguides 
or  image  line  configurations.  Figure  7  shows  the  output  power  and 
frequency  characteristics  of  a  GaAs  diode  as  a  function  of  the  bias 
voltage.  Figure  8  shows  the  same  information  using  an  InP  diode.  It 
should  be  noted  that  the  bias  voltage  on  the  InP  diode  required  for 
oscillation  occurs  at  a  higher  value  than  that  of  the  GaAs  diode. 

The  output  pov/ers  are  typical  of  those  used  in  the  self-mixing 
experiments.  Figure  9  shows  a  block  diagram  of  the  RF  circuit  used 
in  evaluating  the  two  types  of  self-mixing  Gunn  oscillators.  A  back¬ 
ward  wave  oscillator  in  a  mechanically  tuneable  mode  was  used  as  the 
signal  source.  The  single  frequency  output  from  this  source  was 
stable  within  4p.001%  with  non-harmonic  spurious  signals  recorded 
40  dB  down.  This  very  stable  signal  was  tuned  60  MHz  above  or  below 
the  Gunn  oscillator  frequency  to  produce  the  IF  frequency. 

The  difference  signal  at  60  MHz  was  displayed  on  the  face  of  a 
spectrum  analyzer  oscilloscope.  By  increasing  the  attenuation  in 
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the  signal  channel,  the  IF  energy  could  be  made  to  decrease  and  dis¬ 
appear  into  the  noise  level  of  the  spectrum  analyzer.  The  attenuation 
was  then  decreased  until  the  detected  IF  power  was  3  dB  above  the 
noise  level.  At  this  point,  the  signal  level  was  equal  to  the  noise 
level  and  this  IF  power  was  defined  as  the  minimum  detectable  signal 
power  measured  in  decibels  referred  to  1  mW.  The  oscillating  diode 
was  tuned  by  the  bias  voltage  just  above  the  threshold  field  and  also 
by  the  RF  circuit  to  achieve  the  desired  operating  point.  Care  was 
taken  to  insure  that  no  spurious  oscillation  or  bias  circuit  instab¬ 
ilities  were  present. 

The  amplitude  of  the  IF  power  in  dBm  was  compared  with  measured 
values  of  input  signal  power  for  conversion  gain  or  loss  measurements. 
Figure  10  shows  the  IF  output  power  as  a  function  of  signal  power 
input  for  a  GaAs  Gunn  diode.  Figure  11  shows  the  same  information 
for  a  InP  Gunn  diode.  On  both  figures  the  last  data  point  at  the 
lowest  power  level  indicates  the  noise  reference  level.  The  minimum 
detectable  signal  is  defined  as  3  dB  higher  and  is  shown  in  the  next 
higher  point  of  the  figure.  Note  that  the  GaAs  and  InP  Gunn  diodes 
have  a  minimum  detectable  signal  in  the  order  of  -77  and  of  -81  dBm 
respectively.  This  minimum  detectable  power  is  the  principle  para¬ 
meter  for  determining  the  sensitivity  of  a  self-mixing  oscillator. 

It  indicates  how  weak  a  signal  the  device  can  detect.  Figure  12  shows 
the  conversion  gain  measured  on  the  GaAs  Gunn  oscillator.  Figure  13 
shows  the  same  information  for  an  InP  Gunn  self-mixing  device;  note 
that  the  conversion  gain  increases  as  the  signal-input  power  decreases. 
The  conversion  efficiency  as  a  function  of  bias  voltage,  with  the 
signal  held  constant,  is  shown  in  Figure  14;  the  conversion  gain 
peaks  at  a  bias  voltage  just  above  the  threshold  voltage  for  oscil¬ 
lation.  This  behavior  is  consistent  with  information  reported  pre¬ 
viously  by  investigators  at  lower  frequencies  using  GaAs  Gunn  diodes 
in  waveguide  cavities. 

DISCUSSION  OF  RESULTS 

In  terms  of  sensitivity,  the  data  indicates  that  the  InP  self¬ 
mixing  oscillator's  performance  is  better  than  that  of  the  GaAs 
device.  This  seems  to  verify  the  fact  that  InP  is  a  superior  material 
in  several  respects.  It  has  a  current  peak-to- valley  ratio  of  3.5  as 
opposed  to  2.5  for  GaAs  (7);  this,  in  theory,  will  provide  higher 
oscillator  conversion  efficiencies.  In  addition,  the  peak- to- valley 
ratio  degrades  less  rapidly  with  temperature  operation  (7).  The 
peak  conversion  gain  was  found  to  be  approximately  10  dB  for  the  InP 
device  and  5  dB  for  the  GaAs  self-mixing  device.  Similar  gain 
characteristics  has  been  reported  by  several  investigators  for 
gallium  arsenide  when  the  diode  is  operated  at  voltages  just  above 
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threshold  (1),  (3).  We  conclude  that  InP  diodes  have  higher  conver¬ 
sion  gain  and  hence  lower  noise. 

An  outstanding  characteristic  of  the  self-mixing  oscillator  is 
that  the  sensitivity  or  conversion  gain  increases  as  the  signal  level 
decreases.  This  characteristic  has  also  been  reported  in  the  litera¬ 
ture  by  investigators  working  at  34  GHz  (1). 

The  principal  design  thrust  for  this  program  was  the  quest  for  a 
low  weight,  low  cost  device  with  simple  construction.  The  dielectric 
image  line  approach  has  been  shown  to  be  well  suited  to  accomplishing 
these  objectives.  The  high  sensitivities  of  -77  dBm  for  GaAs  and 
-81  dBm  for  InP  self-mixing  oscillators  makes  these  devices  very 
attractive  for  the  mixer  function  in  certain  applications. 

CONCLUSION 

It  has  been  shown  that,  using  GaAs  and  InP  diodes  imbedded  in 
dielectric  waveguide  in  simplified  design  principals  given  here,  self 
mixing  Gunn  oscillators  of  different  operating  voltages  and  frequenc¬ 
ies  can  be  successfully  designed.  Experimental  data  indicates  that 
the  sensitivity  of  these  devices  are  iii  the  order  of  -80  dBm  which 
would  make  them  competitive  with  other  conventional  mixers.  However, 
these  devices  have  the  advantage  of  having  simplified  construction 
with  a  high  signal  power  burnout  level  coupled  with  very  low  unit 
cost.  These  characteristics  make  the  self-mixing  oscillator  a 
viable  device  in  low  cost  receivers,  expendable  EW  sensors,  and  short 
range  terminal  guidance.  In  addition,  the  InP  self-mixing  device  has 
great  potential  in  the  higher  millimeter-wave  frequency  region  (above 
100  GHz)  due  to  its  higher  effective  transit  velocity  and  fast  inter¬ 
valley  scattering. 


ACKNOWLEDGEMENTS 

The  authors  wish  to  express  their  gratitude  to  Mr.  M.M.  Chrepta, 
CORADCOM,  for  his  efforts  and  discussions  on  the  initiation  of  this 
program. 


477 


*DIXON  &  JACOBS 


REFERENCES 

1.  M.  J.  Lazarus,  S.  Novak,  and  E.  D.  Bulllmore,  "A  Sensitive 
Millimeter-wave  Self-oscillating  Gunn  Diode  Mixer,”  Proc  IEEE, 
Vol.  59,  No.  5,  pp.  812-814  (May  1971). 

2.  M.  R.  Inggs,  "Self-oscillating  Mixer  Cuts  Antenna  Test  Costs," 
Microwaves,  Vol.  17,  No.  4,  pp.  100-102  (April  1978). 

3.  M.  Kotani  and  S.  Mitsui,  "Self-mixing  Effect  of  Gunn  Oscillator," 
Electronics  and  Communication  in  Japan,  Vol.  55-B,  No.  12, 

pp.  60-67,  (1972). 

4.  E.  A.  J.  Marcatlli,  "Dielectric  Rectangular  Waveguide  and 
Directional  Coupler  for  Integrated  Optics,"  Bell  System  Tech. 
Journal,  Vol.  48,  pp.  2071-2102  (Sept.  1969). 

5.  H.  Jacobs,  G.  Novick,  C.  M,  LoCascio,  and  M.  M.  Chrepta, 
"Measurement  of  Guide  Wavelengths  in  Dielectric  Rectangular 
Waveguide,"  IEEE  Trans,  on  Microwave  Theory  and  Techniques," 

Vol.  MTT-24,  pp.  815-821  (Nov.  1976). 

6.  K.  Klohn,  J.  Armata,  M.  M,  Chrepta,  "Transverse  Propagation 
Constants  In  Dielectric  Waveguides,"  USAECOM,  Fort  Monmouth,  NJ 
Tech.  Rpt.  4242  (Aug.  1974). 

7 .  R.  J.  Hamilton,  Jr. ,  R.  D*  Fairman,-  S.  I..  I<ang,  M.  Omori,  and 
F.  B.  Fank,  "InP  Gunn  Effect  Devices  for  Millimeter-wave 
Amplifiers  and  Oscillators,"  IEEE  Trans,  on  Microwave  Theory 
and  Techniques,  Vol.  MTT-24,  No.  11  (Noy.  1976). 


478 


SIS 


9 


DIXON  &  JACOBS 


IF  OUTPUT 

t 


INPUT  SIGNAL 


TO  DIODE  CAP 


Fig.  3  Cutaway  view  of  image  guide 
self-oscillating  mixer. 


Fig.  4  Exploded  view  of  image  guide 
'  self-oscillating  mixer. 
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BLOCK  OiACBAK  OF  MILLIMETER-IAVE  SYSTEM  USED  IN  MEASUREMENTS  OF 
MINIMUM  DETECTABLE  SIGNAL 


•AVESUIDE 


Fig.  9  Block  diagram  of  measurement 
system  for  minimum  detectable 
signal. 


Fig.  10  IF  output  versus  signal  power 
for  GaAs  diode  in  image  guide. 
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InP  Gunn  Diode  Imbedded  In 
Dielectric  Cavity 
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‘Millimeler-Wove  Signal  Inpuf  Power  (dBm) 


Fig,  11  IF  output  versus  signal  power 
for  InP  diode  in  image  guide. 


GaAs  Gunn  Didd^  imbedded  In 
Dielectric  Cavity 
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Fig.  12  Conversion  gain  versus  signal 
power  for  GaAs  diode  in  image 
guide 
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Fig.  13  Conversion  gain  versus  signal 
power  for  InP  diode  in  image 
guide . 


Fig.  14  Conversion  gain  versus  bias 
voltage  for  InP  diode  in 
image  guide. 
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Nerve  agent  antidote  formulations,  unlike  most  pharmaceuti" 
cal  formulations,  have  an  unique  requirement  in  that  the  potency 
of  the  active  ingredients  must  remain  stable  upon  prolonged  storage 
under  widely  variable  conditions.  Previous  studies  in  this  labora¬ 
tory  and  by  the  US  Army  Biomedical  Laboratory  showed  that  tempera¬ 
ture  was  a  major  contributing  factor  to  the  instability  of  TAB 
(first  letters  of  the  active  ingredients,  Trimedoxime  or  TMB-4, 
Atropine  Sulfate  and  Benactyzine.HCl  with  preservatives  Methylpara- 
ben  and  Propylparaben).  In  addition  to  fulfilling  the  biomedical 
requirements  of  the  nerve  agent  antidote,  the  logistical  cost  of  pa¬ 
ckaging,  storage  and  replacement  of  the  antidote  must  be  established. 

The  purpose  of  the  present  study  was  to  assess  the  stability 
of  Benactyzine  and  other  active  components  of  TAB  under  various  con¬ 
ditions  of  packaging  and  storage  in  order  to  establish  shelf-life 
and  to  determine  the  mechanism  of  degradation.  The  specific  objec¬ 
tives  were  (a)  to  determine  the  effect  of  temperature  on  Benacty¬ 
zine.HCl  when  packaged  in  glass  ampules  or  cartridges  with  and  with¬ 
out  pH  adjusted  to  2.7,  (b)  to  determine  the  effects  of  a  plasticizer 
(1)  on  the  rate  of  degradation  of  Benactyzine.HCl,  (c)  to  determine 
whether  the  degradation  products  of  TAB  components  influenced  the 
rate  of  degradation  of  Benactyzine.HCl,  and  (d)  to  study  effects  of 
added  propylene  glycol  as  a  stabilizer  of  Benactyzine.HCl. 

Materials  and  Methods: 

Eight  different  formulations  of  Benactyzine.HCl  or  TAB  were 
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prepared  and  packaged  by  Survival  Technology,  Inc.  and  were  refrig¬ 
erated  at  5°C  until  used  in  the  study.  These  formulations  were 
distributed  into  26  different  groups  as  described  in  Table  1. 

Three  randomly  selected  samples  were  analyzed  from  each 
group  (i.e.  I  at  5®C,  II  at  25®C,  III  at  54®C  and  etc)  biweekly 
for  6  months,  except  groups  XIII  and  XX  which  were  analyzed  mon¬ 
thly  after  the  initial  analysis.  The  concentration  of  Benactyzine.- 
HCl  and  the  TAB  components,  with  the  exception  of  Atropine  Sulfate, 
was  determined  by  high  performance  liquid  chromatography  (2,3). 
Atropine  and  the  plasticizer  were  determined  by  gas  chromatography 
(4).  Ten  samples  from  each  of  the  eight  original  formulations  were 
analyzed  prior  to  starting  the  study  for  the  purpose  of  establish¬ 
ing  baseline  concentrations  of  the  components.  The  pH  of  each 
group  was  measured  monthly. 

Reference  standards  were  prepared  from  chromatographi- 
cally  pure  compounds.  Regression  and  location  parameters  estimates 
were  defined  at  95  percent  confidence  levels,  using  an  assumed  t 
distribution  for  these  parameter  estimates.  Comparisons  were  made 
between  groups  consistent  with  the  objectives  of  the  study. 

Results: 


The  concentrations  of  Benactyzine.HCl  and  other  TAB  compo¬ 
nents  when  applicable  were  determined  in  8  different  formulations 
or  packagings  that  were  stored  at  three  different  temperature, 
5%  25**  and  54°C  (24  groups).  In  addition  2  groups  (XIII  and  XX) 
were  stored  at  54 ®C  for  two  weeks  and  then  for  6  months  at  5°C  to 
study  the  effects  of  any  breakdown  products  on  the  stability  of 
Benactyzine.HCl.  The  concentrations  (Mg/2ml)  of  Benactyzine.HCl 
in  these  samples  stored  for  a  period  of  27  weeks  are  listed  in 
Table  2. 


The  groups  (I, IV, VII,  X,  XIV,  XVII,  XXI,  XXIV)  stored  at 
5®C  for  the  entire  study  showed  no  significant  change  in  Benacty¬ 
zine.HCl  content,  therefore  will  not  be  discussed  further  in  this 
report.  In  the  groups  (II,  V,  VIII,  XI,  XV,  XVIII,  XXII,  XXIV), 
stored  at  25 ®C  for  the  entire  study,  some  degradation  of  Benacty¬ 
zine.HCl  was  noted  and  will  be  discussed  with  the  appropriate 
group(s).  All  the  groups  (III, VI,  IX,  XII,  XVI,  XIX,  XXIII,  XXVI) 
stored  at  54®C  for  the  entire  study  showed  Benactyzine.HCl  degra¬ 
dation  and  will  provide  the  primary  basis  for  the  comparison  of 
different  treatments. 
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Effect  of  pH  adjustment  on  Benactyzlne.HCl  stability; 

Benactyzlne.HCl  packaged  in  glass  vials  (Groups  I  through 
VI)  with  no  pH  adjustment  (original  pH  4.3)  and  with  pH  adjusted  to 
2.7  with  HCl  showed  the  pH  adjusted  formulation  to  be  more  stable 
(Figure  1).  The  time  required  for  Benactyzine.HCl  to  degrade  to  50 
percent  of  initial  concentration,  when  pH  was  either  adjusted  to 
2.7  or  not  adjusted  was,  at  25®C,  10  years  and  3.1  years  where  as  at 
54®C  it  was  4.1  months  and  3.6  months  respectively.  The  pH  change 
at  54®C  during  the  6  month  period  was  -0.5  units  for  the  non-ad jus¬ 
ted  and  —0.3  units  for  the  pH  2.7  adjusted  formulation.  The  mecha¬ 
nism  of  degradation  was  different  as  shown  by  mixed  kinetics  for 
the  non-ad justed  pH  and  zero  order  kinetics  for  the  pH  2.7  adjusted 
formulations. 

Effects  of  packaging  material  on  the  stability  of  Benactyzlne.HCl; 

Benactyzlne.HCl  packaged  in  glass  vials  or  cartridges  with 
no  pH  adjustment  (groups  I,  II,  III  and  XXIV,  XXV,  XXVI)  showed  a 
considerable  difference  in  the  rate  of  degradation  (Figure  2).  The 
time  for  Benactyzine.HCl  to  degrade  to  50  percent  of  its  initial 
value  was,  at  25®C,  3.1  years  in  glass  vials  and  2.3  years  in  car¬ 
tridges  and  at  54®C,  3.6  months  in  glass  vials  and  2.1  months  in 
cartridges.  Both  formulations  showed  mixed  order  kinetics.  The  de¬ 
gradation  of  Benactyzine.HCl  in  cartridges  was  Initially  very  rapid 
(first  6  to  8  weeks),  which  possibly  reflects  an  initial  adsorption 
and  saturation  of  the  rubber  septums  in  the  cartridges.  The  pH 
change  was  -0.5  and  -0.75  pH  units  for  the  glass  vials  and  cartrid¬ 
ges,  respectively. 

Similarly,  Benactyzine.HCl  with  the  pH  adjusted  to  2.7 
(group  IV,  V,  VI  and  XIV,  XV,  XVI)  was  more  stable  in  glass  vials 
than  in  cartridges  (Figure  3).  The  time  for  Benactyzine.HCl  to 
reach  50  per  percent  of  its  initial  value  was  over  10  years  at  25*C, 
but  at  54'’C  it  was  4.1  and  3.4  months  in  glass  vials  and  cartridges, 
respectively.  The  degradation  in  each  instance  followed  zero  order 
klnects.  The  pH  change  was  -0.3  units  in  glass  but  there  was  essen¬ 
tially  no  pH  change  (less  than  0.1  units)  in  the  cartridges. 

Effect  of  added  plasticizer  on  the  stability  of  Benactyzine.HCl; 

The  addition  of  plasticizer  (20ug/ml)  had  no  effect  on 
the  stability  of  Benactyzine.HCl  (groups  I,  II,  III  and  VII,  VIII, 
IX)  (Figure  4). 

Effect  of  added  propylene  glycol  on  the  stability  of  Benactyzine. 
HCl; 

The  addition  of  propylene  glycol  (40%)  had  a  stabilizing 
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effect  on  Benactyzine.HCl.  When  groups  XIV,  XV,  XVI  were  compared 
to  groups  XXI,  XXII,  XXIII  (cartridges  at  pH  2.7)  the  presence  of 
propylene  glycol  increased  the  time  required  for  Benactyzine.HCl  to 
degrade  to  50  percent  of  its  initial  concentration.  At  25'’C  (Figure 
5),  propylene  glycol  extended  the  calculated  shelf-life  from  7.4 
years  to  over  10  years  and  at  54°C,  from  3.2  to  4.9  months.  No 
significant  pH  change  was  noted  among  these  groups.  Plasticizer 
extracted  from  the  septums  was  present  in  the  groups  (XXI  to  XXIV) 
which  contained  propylene  glycol. 

t- 

Effect  of  packaging  material  on  the  stability  of  the  TAB  components; 

(a)  The  stability  of  Benactyzine.HCl  at  pH  2.7  in  glass  vials 
was  greater  than  in  cartridges.  The  time  for  a  50  percent  decrease 
in  Benactyzine.HCl  concentrations  at  25‘’C  (groups  XI  and  XVIII) 
was  over  ten  years  in  either  glass  vials  or  cartridges  but  at  54'’C 
it  was  6.3  in  glass  vials  and  4.3  months  in  cartridges  respecti¬ 
vely  (Figure  6).  There  was  no  significant  change  in  pH  with  either 
packaging. 

(b)  Atropine  Sulfate  was  stable  in  all  groups  at  all  studied 
temperatures. 

(c)  Trlmedoxime  (TMB-4)  stability  was  not  affected  by  pack¬ 
aging  in  glass  vials  or  cartridges  and  no  significant  differences 
in  concentrations  were  found  when  groups  X,  XI,  XVII,  and  XVIII  were 
compared.  However,  the  highest  temperature,  54°C,  did  produce  a 
significant  (p<.01)  degradation  when  groups  X  or  XI  vs  XII  and  XVII 
or  XVIII  vs  XIX  were  compared. 

(d)  Methyl . paraben  degradation  was  more  rapid  in  cartridges 
than  in  glass  vials  (Table  3).  The  time  required  for  Methylparaben 
to  degrade  to  50  percent  of  its  original  concentration  was,  at  25 “C, 
over  10  years  in  glass  vials  (group  XI)  and  3.5  years  in  cartrid¬ 
ges  (group  XVIII),  at  54‘’C,  7.3  months  in  glass  vials  and  6.1  months 
in  cartridges  (groups  XII  and  XIX)  respectively  (Figure  7). 

(e)  Propylparaben  concentration  was  decreased  in  cartridges 
(groups  XVIII,  XIX)  more  than  in  glass  vials  (groups  XI,  XII). 
The  time  required  for  Propylparaben  to  decrease  to  50  percent  of  its 
initial  concentratation  was,  at  25‘’C,  over  10  years  in  glass  vials 
but  only  6.9  months  in  cartridges.  At  54“C  the  time  was  8.3  months 
in  glass  vials  compared  to  2.3  months  in  cartridges  (Figure  8). 

Effects  of  degradation  products  and  packaging  on  the  stability  of 
TAB  components; 

The  degradation  products  formed  storing  the  TAB  formula¬ 
tion  at  54“C  for  two  weeks  in  either  glass  vials  or  cartridges 
(groups  XIII  and  XX)  had  no  appreciable  effect  on  the  stability  of 
the  active  components  of  TAB  when  subsequently  stored  at  5°C.  There 


490 


^DOCTOR,  BROWN  and  SLEEMAN 


was  a  slight  initial  decrease  in  Benactyzine.HCl  concentration  du¬ 
ring  the  2  weeks  storage  at  54°C  which  then  remained  constant  for 
the  duration  of  the  study.  The  only  other  changes  noted  was  a 
slight  initial  decrease  in  methylparaben  and  Propylparaben  concen¬ 
trations  in  group  XX  (cartridge)  which  then  remained  constant  for 
the  duration  of  the  study.  No  change  in  pH  was  noted. 

Comparison  of  the  stability  of  Benactyzine.HCl  when  formulated  alone 
and  with  the  TAB  formulation; 

Benzactyzine.HCl  was  slightly  more  stable  in  TAB  than  when 
packaged  alone.  This  was  found  in  both  glass  vials  and  cartridges. 
THe  time  at  54®C  for  Benactyzine.HCl  concentration  to  reach  50 
percent  of  the  initial  concentration  was  3.96  months  alone  and  5.92 
months  in  TAB  (group  VI  and  XII),  when  packaged  in  glass,  and  3.23 
months  and  3.54  months,  respectively,  when  packaged  in  cartridges 
(groups  XVI  and  XIX).  No  significant  change  in  pH  was  noted. 

Discussion  and  Conclusions: 

The  logistical  costs  of  formulation,  packaging,  storage 
and  replacement  of  a  medical  item  are  determined  frequently  by  the 
stability  of  one  of  the  constituents.  The  shelf-life  of  the  nerve 
agent  antidote  TAB  was  found  to  be  dependent  on  the  stability  of 
one  of  the  active  Ingredients,  Benactyzine.HCl.  Whereas  Benactyzlne 
.HCl  was  stable  at  5°C,  at  temperatures  above  25®C  it  undergoes  a 
rapid  and  continuous  breakdown.  This  study  shows,  that  in  addition 
to  temperature,  other  factors  such  as  pH,  packaging  and  some  addi¬ 
tives  also  effect  the  rate  of  Benactyzine.HCl  breakdown  and  hence 
have  a  bearing  on  the  shelf-life  of  formulations  containing  Benac¬ 
tyzine.HCl. 


The  stability  of  Benactyzine.HCl  was  improved  by  adjusting 
the  formulation  to  pH  2.7  with  HCl.  When  the  pH  adjusted  and  pH 
non-ad justed  formulations,  in  glass  vials  were  compared,  the  sta¬ 
bility  of  Benactyzine.HCl  was  significantly  (p<.02)  improved  at 
54°C  in  the  pH  adjusted  specimen.  The  time  required  for  Benacty¬ 
zine.HCl  to  degrade  to  50  percent  of  the  initial  value  was  extended 
also  at  both  25°C  and  54®C  (Figure  1)  in  the  pH  2.7  adjusted  formu¬ 
lations. 

Generally,  the  stability  of  Benactyzine.HCl  stored  in 
glass  vials  was  better  than  when  stored  in  cartridges.  This  was 
true  whether  the  pH  was  adjusted  to  2.7  or  was  not  adjusted.  In 
the  Benactyzine.HCl  formulations  with  no  pH  adjustment  there  was 
a  significant  (p<.01)  difference  between  glass  vials  and  cartridges 
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at  54°C.  The  time  for  Benactyzine.HCl  to  degrade  to  50  percent 
of  its  initial  concentration  was  3.1  years  in  glass  and  2.3  years 
in  cartridges  at  25®C  and  at  54°C,  3.6  months  in  glass  and  2.1 
months  in  cartridges  (Figure  2)  respectively.  Formulations  of 
Benactyzine.HCl  and  TAB  at  pH  2.7  in  glass  and  cartridges  also 
showed  the  breakdown  of  Benactyzine.HCl.  It  was  more  rapid  in 
cartridges.  This  was  also  true  for  the  parabens  (Figures  7  and 
8).  The  results  would  suggest  a  positive  role  for  the  rubber 
septums  in  the  decrease  of  Benactyzine.HCl  and  the  parabens. 

The  adverse  effect  on  stability  found  with  the  cartridges 
could  result  from  (a)  the  surface  effect  of  the  rubber  septum,  (b) 
the  adsorption  into  or  by  the  rubber  septum,  and  (c)  the  plasticizer 
(tributoxy  ethylphosphate)  which  leeches  from  the  rubber  septum. 
The  addition  of  the  plasticizer  to  the  Benactyzine.HCl  formulation 
did  not  effect  the  degradation  rate  of  Benactyzine.HCl.  However, 
because  of  the  limited  solubility  of  the  plasticizer  in  water,  only 
20ug/ml  was  added.  This  amount  of  plasticizer  may  be  insufficient 
to  affect  the  degradation  of  Benactyzine.HCl  or  may  have  been  rapi¬ 
dly  destroyed.  Plasticizer  was  detected  in  all  formulations  pack¬ 
aged  in  cartridge  and  the  amount  increased  with  increasing  tempera¬ 
ture.  The  groups  XXI,  XXII,  and  XIII  which  contained  propylene 
glycol,  showed  high  levels  of  plasticizer.  Any  effects  produced 
by  the  plasticizer  could  not  be  fully  evaluated  due  to  other  varia¬ 
bles  involved.  Some  type  catalytic  role  was  indicated  for  the 
plasticizer,  since  all  formulations  in  cartridges  or  with  added 
plasticizer,  gave  zero  order  kinetics.  This  is  in  contrast  with 
samples  which  contained  no  plasicizer  and  gave  mixed  order  kinetics. 
The  contributions  made  by  the  rubber  septums  to  the  decrease  in 
Benactyzine.HCl  can  not  be  evaluated,  however,  Benactyzine.HCl  and 
the  parabens  are  known  to  be  adsorbed  on  or  into  the  septum. 

The  addition  of  propylene  glycol  (40  percent)  to  the  Benacty¬ 
zine.HCl  formulation  improved  the  stability  of  Benactyzine.HCl  at 
25°  and  54°C.  At  25°C  (groups  XV  and  XXII),  propylene  glycol  ex¬ 
tended  the  time  required  to  reach  50  percent  of  the  initial  concen¬ 
tration  of  Benactyzine.HCl  from  7.4  years  to  over  10  years  and  at 
54°C  (groups  XV  and  XXIII),  from  3.2  to  4.9  months  (Figurre  5).  The 
use  of  propylene  glycol  would  require  further  study  if  added  to 
other  compounds  or  combination  of  compounds. 

Benactyzine.HCl  was  more  stable  when  combined  in  the  TAB  for¬ 
mulation  than  when  formulated  alone.  This  was  true  when  packaged 
either  in  glass  vials  or  in  cartridges.  The  differences  (Figure  6) 
were  not  significant  at  25°C  but  at  54°C  highly  significant  (p<.02) 


492 


^DOCTOR,  BROWN  and  SLEEMAN 


differences  were  found. 

The  formulations  adjusted  to  pH  2.7  with  HCl  showed  no  si~ 
gnif leant  change  in  pH  during  the  study.  The  slight  decrease  in 
pH  of  0.5  to  0.7  units  found  in  the  unadjusted  formulations  probably 
reflect  the  formation  of  Benzllic  acid,  a  breakdown  product  of 
Benactyzine. 

This  study  established  several  facts  about  the  stability 
of  Benactyzine  under  the  studied  storage  and  packaging  conditions: 
(a)  Benactyzine. HCl  alone  or  in  TAB  is  stable  for  over  10  years 
at  5®C.  (b)  Benactyzine. HCl  is  stable  for  over  10  years  at  25°C 
when  stored  in  glass  at  pH  2.7.  (c)  Benactyzine. HCl  or  TAB  is 
more  stable  packaged  in  glass  than  in  cartridges,  (d)  The  rubber 
septums  and/or  plasticizer  have  an  adverse  effect  on  the  stablity 
of  Benactyzine. HCl  and  the  parabens.  There  is  evidence  of  a  surface 
and/or  catalytic  effect,  (e)  Propylene  glycol  improves  the  stabili“ 
ty  of  Benactyzine. HCl.  (f)  Other  ingredients  of  TAB  formulations. 
Atropine  and  TMB4  are  stable  at  normal  storage  temperatures  for  ap¬ 
proximately  10  years  when  pH  is  adjusted  to  2.7  and  packaged  in  glass 
container.  The  stability  of  Benactyzine. HCl  or  TAB  would  be  maxi¬ 
mal  when  packaged  in  glass  at  pH  2.7  and  stored  at  5°C.  However, 
for  practical  purposes,  these  formulations  stored  at  a  controlled 
room  temperature  (22  +  5°C)  appear  to  be  stable  for  about  10  years. 
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Table  1 


The  Experimental  Design  for  Stability  Studies 


Groups 

Compounds* 

Packaging 

Expt.  Conditions 

I, II, III 

Benac ty zine • HCl 

Glass  Vial 

5®,  25“,  54“C 

No  pH  adjustment 

IV,V,VI 

Benactyzine • HCl 

Glass  Vial 

5“,  25“,  54“C 
pH  2.7 

VII, VIII, IX 

Benactyzine.HCl 

plastlczer 

Glass  Vial 

5“,  25“,  54“C 

No  pH  adjustment 

X, XI, XII 

TAB 

Glass  Vial 

5“,  25“,  54°C 
pH  2.7 

XIII 

TAB 

Glass  Vial 

54°C  for  2  wks 
and  5®C  for  5  mo. 

XIV, XV, XVI 

Benac tyz ine • HCl 

Cartridges** 

5“,  25°,  54°C 
pH  2.7 

XVII, XVIII, XIX 

TAB 

Cartridge 

5°,25°,54°C 
pH  2.7 

XX 

TAB 

Cartridge 

54°C  for  2  wks 
and  5®C  for  5  mo. 

XXI, XXII, XXIII 

Benactyzine.HCl 
propylene  glycol 

Cartridge 

5°,25°,54°C 
pH  2.7 

XXIV, XXV, XXVI 

Benactyzine.HCl 

Cartridge 

5°,25°,54°C 
no  pH  adjustment 

*The  concentration  and  volume  of  formulations  were  kept  identical 
to  original  TAB  formulation. 


**Cartridge  contained  a  glass  tube  with  a  rubber  plunger  at  one  and 
a  rubber  septum  and  needle  at  the  other  end. 
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Table  2 


Benactyzlne.HCl  Concentration  (mg/2ml)  With  Time  (Days) 


Time  (Days) 


Group 

0 

28 

56 

84 

112 

161 

189 

I 

5.25 

5.38 

5.26 

5.15 

5.19 

5.25 

5.09 

II 

5.30 

5.28 

5.05 

5.16 

4.98 

4.81 

II 

4.16 

3.38 

2.64 

2.25 

1.74 

1.36 

IV 

5.40 

5.26 

5.22 

5.36 

5.46 

5.36 

5.11 

V 

5.44 

5.31 

5.30 

5.20 

5.36 

5.25 

VI 

4.67 

3.85 

3.26 

2.90 

1.90 

1.60 

VII 

5.25 

5.23 

5.20 

5.20 

5.25 

5.10 

5.12 

VIII 

5.36 

5.14 

5.16 

5.04 

4.91 

4.98 

IX 

4.00 

3.22 

2.78 

2.18 

1.64 

1.40 

X 

4.47 

4.38 

4.37 

4.42 

4.02 

4.35 

4.40 

XI 

4.24 

4.17 

4.27 

4.08 

4.44 

4.18 

XII 

3.87 

3.55 

3.10 

2.97 

2.57 

2.37 

XIII 

4.25 

4.14 

4.05 

4.18 

4.27 

4.29 

XIV 

5.43 

5.44 

5.31 

5.32 

5.30 

5.44 

5.43 

XV 

5.40 

5.32 

5.17 

5.40 

5.23 

5.28 

XVI 

4.30 

3.39 

2.86 

2.10 

1.56 

1.30 

XVII 

4.42 

4.13 

4.50 

4.18 

4.15 

4.37 

4.39 

XVIII 

4.33 

4.13 

4.40 

4.13 

4.35 

4.34 

XIX 

3.60 

2.97 

2.71 

2.07 

1.85 

1.71 

XX 

4.21 

4.14 

4.09 

4.09 

4.22 

4.22 

XXI 

4.80 

4.88 

4.75 

4.92 

4.81 

4.68 

4.78 

XXII 

4.82 

4.78 

4.78 

4.64 

4.80 

4.73 

XXIII 

4.20 

3.66 

3.28 

2.75 

2.36 

2.27 

XXIV 

5.40 

5.38 

5.18 

5.39 

5.30 

5.47 

5.28 

XXV 

5.46 

5.22 

5.22 

4.94 

4.92 

4.90 

XXVI 

3.66 

2.10 

1.28 

0.96 

0.54 

0.32 
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Table  3 

Methylparaben  Concentration  (mg/2ml)  With  Time  (Days) 

Time  (Days) 


Group 

0 

28 

56 

84 

112 

161 

189 

X 

1.07 

1.06 

1.04 

1.09 

1.04 

1.08 

1.06 

XI 

1.06 

1.05 

1.07 

1.06 

1.04 

1.05 

XII 

1.03 

0.93 

0.89 

0.80 

0.70 

0.60 

XVII 

1.07 

1.05 

1.09 

1.08 

1.01 

1.07 

1.04 

XVIII 

1.04 

1.03 

1.03 

1.02 

1.00 

0.99 

XIX 

0.93 

0.81 

0.78 

0.69 

0.62 

0.54 

Table  4 

Propylparaben  Concentration  (ing/2ral) 

With  Time  (Days) 

X 

.105 

.100 

.102 

.106 

.010 

.105 

.102 

XI 

.101 

.104 

.105 

.100 

.104 

.101 

XII 

.101 

.094 

.084 

.079 

.074 

.067 

XVII 

.093 

.090 

.092 

.091 

.090 

.093 

.088 

XVIII 

.081 

.076 

.066 

.061 

.056 

.050 

XIX 

.049 

.044 

.031 

.028 

.023 

.021 

/ 
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figurt  1 

EFFECT  OF  pH  ON  BENACTVZINE  STAOIUH  AT  25*  ANO  S4'C 


Figure  2 


EFFECT  OF  PACKAGING  ON  OENACTYZINE  STABILITY  AT  25"  ANO  54"C 
No  pH  Adjustment 
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Figure  3 

EFFECT  OF  PACKAGING  ON  BENACTYZINE  STABILITY  AT  25°  AND  54°C 

pH  2.7 


TIME  (  Days ) 


Figure  4 

EFFECT  OF  PLASTICIZER  ON  BENATYZIME  STABILITY  AT  25"  ANO  54"C 
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Figure  S 

EFKCT  OF  PROmEOE  GlVCOl  ON  BEHACTYZINE  STABIIITY  AT  25*  ANO  84*C 


Figure  6 

EFFECTS  OF  PACKAGING  ON  BENACTVZINE  STABIIITY  IN  TAB  AT  28*  ABB  B4*C 

pH  2i7 
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Figure  7 

EFFECT  OF  PACKAGING  ON  MENTYLPARABEN  STABIUTY  IN  TAB  AT  25*  AND  54»C 


Y= A+BX 


Figure  8 

EFFECT  OF  PACKAGING  ON  PROPYLPARABEN  STABILITY  IN  TAB  AT  25*  AND  S4»C 
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ADVANCED  COMPOSITE  APPLICATIONS  TO  LARGE 
CALIBER  WEAPONS  SYSTEMS  (U) 


CRAIG  D.  DOUGLAS* 

ROBERT  W.  LEWIS,  ScD 

ARMY  MATERIALS  AND  MECHANICS  RESEARCH  CENTER 
WATERTOWN,  MA  02172 

I.  INTRODUCTION 

Composite  materials  are  ideal  for  structural  applications 
where  high  strength-to-weight  and  stlffness-to-welght  ratios  are 
required.  Aircraft,  spacecraft,  and  missiles  are  typical  weight- 

sensitive  structures  in  which  composite  materials  are  utilized. 

\,  \  , 

\  According  to  Jones  (1)  there  are  three  commonly  accepted 

types  of  composites;  (1)  Fibrous  composites  which  consist  of  fibers 
in  a  binding  matrix,  (2)  Laminated  composites  which  consist  of 
layers  of  various  materials,  and  (3)  particulate  composites  which 
are  composed  of  particles  in  a  binding  matrix. 

This  study  deals  with  composites  of  the  first  type — the 
application  of  an  advanced  fibrous  composite,  graphite/epoxy,  to 
increase  the  overall  performance  of  the  barrel  extension  used  on  the 
75mm  rotating  chamber  single  shot  firing  fixture.  In  order  to 
increase  accuracy  and  muzzle  velocity,  an  all-metal  barrel  extension 
(Figure  1)  had  been  added  to  the  75mm  gun  tube  where  the  muzzle 
brake  had  been  located.  This  extension  Increased  the  muzzle 
velocity,  but  round  dispersion  was  still  apparent.  This  round 
dispersion  was  attributed  to  the  initial  "droop"  of  the  tube  caused 
by  its  body  forces. 

Advanced  composites  proved  to  be  a  good  candidate  for  the 
solution  of  this  problem.  A  comparison  of  specific  properties, 
(Figure  2)  where  the  specific  property  is  defined  as  that  material 
property  divided  by  the  material  density,  shows  that  if  one  takes 
specimens  of  steel  and  graphite-epoxy,  both  of  the  same  weight,  the 
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graphite-epoxy  would  have  up  to  four  times  the  stiffness  and  five 
times  the  strength. 


With  this  in  mind,  if  much  of  the  outer  metal  were 
replaced  with  a  graphite/epoxy  composite  with  its  fibers  oriented  ^ 

unlaxlally  along  the  tube  direction,  the  new  tube  would  (1)  be 
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lighter  in  weight;  (2)  the  tube  would  he  stlffer  In  the  longitudinal 
direction,  and  (3)  with  the  combination  of  the  above,  Initial 
"droop"  would  be  less,  and  the  natural  frequency  of  the  extension  in 
the  longitudinal  sense  would  be  higher,  thus  combating  the  well 
known  whip  phenomenon  that  large  caliber  weapons  exhibit. 


II.  DESIGN  APPROACH 

The  basic  design  approach  was  to  remove  the  outer  metal  of 
the  original  extension,  and  then  to  replace  that  removed  metal  with 
a  composite.  Once  the  metal  was  removed,  the  original  extension 
would  become  both  an  Internal  liner  to  protect  against  erosion,  and 
a  permanent  mandrel  on  to  which  the  composite  would  be  applied. 


Figure  3  shows  the  pressure-history  experienced  by  the 
chamber.  A  maximum  pressure  of  55,000  psl  is  what  the  chamber  of 
the  gun  sees,  but  this  is  not  what  the  muzzle  extension  must  with¬ 
stand.  The  projectile  exits  at  approximately  7-8  milliseconds  after 
charge  ignition.  This  means  that  the  end  of  the  tube  is  exposed 
only  to  atmospheric  pressure  up  to  that  time.  At  exit  time,  the 
preLure  has  already  decreased  to  15,000  psl  in  the  chamber.  Also, 
there  is  a  pressure  gradient  along  the  tube  such  that 
pressure  is  80%  that  of  the  chamber  pressure.  The  working  pressure, 
then,  seen  by  the  extension  is  roughly  12,000  psl. 
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The  InternaJ  heat  input  per  round  was  experimentally  deter¬ 
mined  to  be  68  BTU/ft  /round  (2),  This  caused  a  temperature  rise  of 
27®F  per  round  at  the  outer  wall  of  the  tube. 

After  examining  these  operating  conditions,  both  finite 
element  and  classical  techniques  were  used  to  determine  exactly  how 
much  metal  was  to  be  removed  and  how  much  composite  would  be  added, 
in  order  to  increase  the  overall  performance  while  staying  within 
material  property  limits. 

An  orthotropic  finite  element  code  ORFE  (3)  was  used  to 
predict  the  hoop  and  radial  stresses  developed  during  fire.  This 
code  is  an  interactive  substructiired  routine  installed  on  the  AMMRC 
U-1106  computer.  For  this  particular  model  isoparametric  axisym- 
metric  finite  elements  were  used.  Figure  4  shows  a  sample  grid  used 
in  the  analysis.  Classical  equations  were  also  developed  to  analyze 
the  isotropic  cylinder  overwrapped  with  an  orthotropic  composite 
subjected  to  an  Internal  pressure  pulse.  This  analysis  calculated 
the  radial  stress  (Figure  5)  and  the  hoop. stress  (Figure  6)  as  a 
function  of  radius. 

To  verify  that  the  assumption  of  a  static  loading  case 
was  valid  in  the  pressure-stress  relations,  it  was  necessary  to 
determine  the  radial  and  hoop-type  ring  frequencies  and  compare 
their  period  of  oscillation  to  that  of  the  rise  time  of  the  pressure 
pulse.  Calculations  showed  that  these  periods  of  oscillation  were 
sufficiently  high  so  that  the  internal  pressure  pulse  would  not 
excite  the  system  and  cause  a  dynamic  loading  case. 

A  thermal  analysis  was  used  to  determine  the  axial  stress 
developed  during  the  cure  cycle  used  for  the*  composite,  and  also  to 
determine  the  temperature  at  the  metal/composlte  Interface  during 
fire.  The  mismatch  of  coefficients  of  thermal  expansion  of  the 
metal  and  the  graphite /epoxy  was  the  reason  that  the  thermal  study 
was  needed  during  cure.  Steel  has  a  coefficient  of  thermal  expan¬ 
sion  that  is  approximately  6yln/ln/®F  while  that  of  the  composite 
is  essentially  zero  (actually,  it  is  slightly  negative  in  the  fiber 
direction) . 


Figure  4.  FINITE-ELEMENT  GRID 
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Figure  6.  HOOP  STRESS  VERSUS  RADIUS 
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When  the  liner/mandrel  with  the  uncured  composite  (ori¬ 
ented  0®  along  the  tube  axis)  is  placed  in  the  autoclave  and  raised 
to  350® F,  which  is  the  cure  temperature  of  the  composite,  the  exten¬ 
sion  is  virtually  stress  free.  At  350®F  the  composite  system  cures, 
thereby  restraining  the  internal  steel  mandrel  in  its  elongated 
state.  When  the  extension  is  cooled,  it  wants  to  contract  by  the 
amount  aATL  (where  a  is  the  coefficient  of  thermal  expansion  and 
L  is  the  length  of  the  tube).  It  is  constrained  from  doing  so, 
however,  by  the  cured  composite  thus  introducing  a  residual  stress 
field.  It  is  this  stress  field  that  had  to  be  determined  in  order 
to  prevent  the  composite  from  buckling  during  cool-down. 

Graphite/epoxy  systems  tend  to  lose  their  structural  integ¬ 
rity  as  the  operating  temperature  approaches  that  of  the  cure 
temperature.  Hence  it  is  necessary  to  assure  that  the  operating 
temperature  does  not  exceed  350®F.  Figure  7  shows  the  predicted  peak 
temperature  above  ambient  as  a  function  of  time  for  a  single  shot. 

In  this  case  where  the  gun  was  not  fired  in  a  repeating  mode,  the 
peak  Interfaclal  temperature  was  determined  to  be  56®F  above  that  of 
the  ambient,  well  within  the  operating  range  of  the  composite. 


508 


DOUGLAS  and  LEWIS 


III.  FABRICATION 


Upon  converging  on  a  final  liner /mandrel  design,  an  original 
extension  was  modified  as  shown  in  Figures  8  and  9.  The  surface  was 
then  prepared  for  interfacial  instrumentation  and  composite  applica¬ 
tion. 


Figure  8.  DIMENSIONS  OF  LINER/MANDREL 


Figure  9.  LINER/MANDREL  READY  FOR  COMPOSITE  APPLICATION 


A  ten  percent  solution  of  hydrochloric  acid  was  used  to 
clean  all  major  dirt  and  grease  left  on  the  part  after  the  machining 
process.  The  part  was  then  chucked  in  a  filament  winding  machine 
which  was  used  to  facilitate  part  Instrumentation  and  the  hand  layup 
of  the  graphite-epoxy.  The  filament  winding  process  was  not  used  at 
this  point  in  the  fabrication. 

A  methanol  and  subsequent  acetone  rinse  were  used  to  clean 
the  liner/mandrel  just  prior  to  instrumenting  and  composite  applica¬ 
tion.  Two  strain  gages  and  a  thermocouple  were  applied  to  the  inter¬ 
face.  The  strain  gage  orientation  was  such  that  longitudinal  and  hoop 
stresses  could  be  recorded  during  fire.  The  gages  and  thermocouple 
were  then  insulated  to  prevent  the  graphite /epoxy  from  electrically 
shorting  out  the  gages.  The  extension  was  then  ready  for  the  first 
graphite/epoxy  application. 
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Because  the  composite  was  up  to  an  Inch  thick  toward  the 
breech  end,  the  graphite/epoxy  had  to  be  applied  in  three  separate 
operations,  with  autoclaving  between  each  application;  otherwise 
too  much  resin  ’’bleedout"  would  have  occurred  during  cure,  resulting 
in  a  "dry”  composite  part.  These  multiple  fabrication  steps  allowed 
the  application  of  intracomposite  Instrumentation  to  monitor  stresses 
and  temperatures  through  the  wall  during  fire. 

After  cleaning  and  instrumentation  a  film  adhesive  was 
applied,  and  three  inch  wide  prepreg  tape  (HMS- 3501-6)  was  layed  up 
unldlrectlonally  along  the  tube  axis.  Once  the  composite  was  at  the 
desired  thickness  (.33  in)  for  the  first  application,  a  bleeder  ply 
was  applied,  then  a  burlap  bleeder  ply,  and  finally  a  vacuum  bag  and 
gland.  The  extension  was  then  autoclaved  according  to  the  recom¬ 
mended  cure  cycle  for  the  3501-6  epoxy  resin — 90  minutes  at  120®F, 
followed  by  90  minutes  at  350®F.  When  the  autoclave  cycle  was 
completed  the  tube  was  debagged  and  cleaned.  Two  more  layers  of 
graphite/epoxy  were  applied  in  the" same  manner. 

To  provide  field  durability  and  protect  the  graphite /epoxy 
from  the  "zippering"  effect,  or  splitting  along  the  fiber  axis,  that 
could  occur  with  unidirectional  composites,  a  hoop  winding  of  S2 
glass /epoxy  was  applied  using  a  filament  winding  machine.  The  exten¬ 
sion  was  then  post-cured  at  370®F  for  three  hours.  Figure  10  shows 
the  composite  extension  with  its  final  instrumentation  ready  for 
firing  tests. 


Figure  10.  COMPLETED  LINER/MANDREL 
IV.  FIRING  TESTS 


The  firing  tests  were  performed  at  Ares  Corporation, 

Port  Clinton,  OH.  The  gun  used  was  their  rotating  chamber  single 
shot  test  fixture  (RCSSTF).  Figure  11  shows  the  composite  extension 
mounted  on  the  tube. 

The  firing  procedure  used  was:  (1)  Ready  the  RCSSTF  in 
accordance  with  pre-firing  procedures  established  for  proof  test  of 
ammunition.  (2)  Install  the  all-metal  barrel  extension.  (3)  Verify 
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barrel  bore,  breech  and  barrel  Insert,  barrel  extension,  and 
chamber  alignment  with  projectile  bore  gage.  (4)  Fire  warm-up  rounds 
to  insure  Instrumentation  is  operating  properly.  (5)  Verify  barrel 
extension  bore  alignment  with  bore  sight  to  the  center  of  the  target. 
(6)  Fire  ten  rounds  of  armor  piercing,  fin  stabilized,  discarding 
sabot  (APFSDS)  ammunition  Which  has  been  conditioned  at  70®F  for  at 
least  eight  hours.  (7)  Repeat  steps  two  through  six  utilizing  the 
composite  barrel  extension. 


Figure  11.  COMPOSITE  EXTENSION  READY  FOR  FIRING 
V.  RESULTS 

Table  1  shows  the  data  taken  from  the  round  locations  on 
the  target.  The  average  shot  location  was  significantly  closer  to 
the  center  of  the  target  for  the  composite  extension  in  the  vertical 
direction  and  approximately  the  same  in  the  horizontal  direction. 
This  suggests  that  initial  barrel  droop  was  Indeed  less  with  the 
composite  extension. 
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Table  1.  ROUND  DISPERSION  RESULTS 


•  FIRING  RANGE  =  80  METERS 


METAL  EXTENSION 
VERTICAL  HORIZONTAL 
LOCATION  1.448  MRAD  -0.820  MRAD 


COMPOSITE  EXTENSION 
VERTICAL  HORIZONTAL 
0.346  MRAD  -0.806  MRAD 


VARIANCE  0.131  MRAD  0.198  MRAD 


0.072  MRAD  0.370  MRAD 


Longitudinal  and  hoop  strain  data  showed  a  definite 
advantage  in  using  the  composite  extension.  From  the  longitudinal 
strains  recorded  during  the  fire,  It  was  found  that  the  composite 
extension  had  a  natural  frequency  that  was  22%  higher  than  the  metal 
extension.  The  damping  time  (Figure  12)  for  the  composite  extension 
was  almost  45%  lower  than  that  of  the  metal  extension,  where  the 
time  to  damp,  t^,  is  that  time  at  which  the  amplitude  of  vibration 
is  0.10  that  of  the  original  input. 


Composite  Extension  t^g^g  °  29  msec 
Metal  Extension  tpg^g  =  51  msec 


Figure  12.  DAMPING  HISTORY 

Hoop  strain  data  agreed  well  with  the  finite  element  pre¬ 
dictions.  It  was  predicted  that  the  hoop  strain  during  fire  would 
reach  a  value  of  870yln/in  and  the  measured  value  was  990yln/ln,  an 
error  of  only  11%  In  the  estimate. 
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Thermal  data  agreed  quite  well  with  the  predicted  value, 
except  for  the  decay  time.  The  peak  temperature  predicted  was  56®F 
above  ambient,  or  106®F,  approximately  sixty  seconds  after  fire. 

The  actual  temperature  measured  was  112 ®F  at  1.25  minutes  after 
fire.  The  decay  time,  however,  was  almost  an  order  of  magnitude 
greater  than  the  predicted  value. 

Erosion  data  taken  by  standard  star  gage  techniques  showed 
no  difference  between  the  two  extensions. 

Finally,  the  weights  of  the  composite  and  metal  extension 
were  82  and  95  pounds  respectively.  The  metal  extension  was  16% 
heavier  than  the  composite.  Note  that  the  weight  of  the  turned-down 
barrel  was  57  lbs.  Thus,  38  pounds  of  metal  were  replaced  with  25 
lbs  of  graphlte/epoxy. 


VI.  DISCUSSION 


The  feaslbllty  of  using  advanced  composites  in  large 
caliber  weapon  systems  has  been  demonstrated.  The  graphlte/epoxy 
barrel  extension  was  found  to  be  more  accurate  and  lighter  than  the 
all-metal  barrel  extension.  Barrel  whip  has  been  reduced  signifi¬ 
cantly  as  evidenced  by  the  damping  time. 

The  use  of  classical  and  finite  element  techniques  has 
proven  to  be  an  accurate  method  when  used  to  predict  operating  quan¬ 
tities  such  as  the  dynamic  stresses  and  strains.  Experimental  data 
taken  during  the  firing  tests  were  very  close  to  the  analytical  pre¬ 
dictions;  however,  some  error  was  present.  The  greatest  discrepancy 
between  the  predicted  and  actual  values  was  in  the  thermal  predic¬ 
tions  at  the  metal/composite  interface.  Although  the  rise  time  and 
peak  temperature  were  very  close  to  the  actual,  there  was  almost  no 
correlation  in  the  decay.  Classical  heat  transfer  methods  predicted 
an  exponential  decay  that  would  approach  zero  within  roughly  350 
seconds,  whereas  actually  the  time  required  was  1800  sec.  The 
reason  for  this  difference  is  thought  to  arise  from  the  calculation 
of  the  negative  exponent  in  the  decay  term  of  the  heat  balance  equa¬ 
tion.  This  term  has  as  part  of  it,  the  Internal  convective  heat 
transfer  coefficient.  It  is  this  quantity  that  was  poorly  estimated. 
It  is  interesting  to  note,  however,  that  one  can  actually  use  the 
experimentally  measured  thermal  /^ata  to  modify  the  solution  to  the 
heat  balance  equation  in  order  to  obtain  the  actual  heat  transfer 
coefficient.  This  could  then  be  used  in  future  studies. 

Regarding  the  hoop  strain  calculations,  the  actual  strain 
was  only  11%  higher  than  the  predicted  value.  Such  a  small 
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difference  could  be  attributed  to  many  things,  e,g.  a  slight  dlf-- 
ference  in  material  properties  with  respect  to  what  was  used  in  the 
calculations,  especially,  in  the  transverse  direction  of  the  compos¬ 
ite  overwrap  (which  was  in  the  hoop  direction  of  the  extension). 

These  hoop  data  also  verified  the  assumption  that  the 
model — isotropic  cylinder  overwrapped  with  an  orthotropic  composite — 
could  assume  a  static  loading  case.  Had  there  been  any  dynamic  over¬ 
shoot  (i.e.  greater  than  25%  that  of  the  steady  state  case)  there 
would  have  been  a  much  greater  difference  between  actual  and  pre¬ 
dicted  values  of  hoop  strain  at  the  Interface.  From  these  data  it 
can  be  concluded  that  the  metal  liner  could  have  been  made  thinner 
providing  that  the  hoop  strain  at  the  Interface  did  not  exceed  that 
of  the  strain-to- failure  of  the  graphite /epoxy  in  the  transverse 
direction. 


Because  of  the  Increased  stiffness  and  decreased  weight, 
the  natural  frequency  of  the  composite  extension  was  higher  than  that 
of  the  metal.  In  addition,  the  damping  time  of  the  composite  was 
less.  This  could  lead  to  an  Increased  rate  of  fire  in  that  the  com¬ 
posite  will  have  already  stopped  "whipping**  when  the  metal  extension 
would  still  be  in  motion. 


Probably  the  most  significant  aspect  of  the  results  was 
the  target  data.  Overall  dispersion  area  for  the  composite  was  one 
third  of  that  for  the  metal  (Figure  13).  The  standard  deviation  of 
the  round  dispersion  in  the  vertical  direction  was  much  less  for  the 
composite.  This  fact  is  attributed  to  the  quicker  response  of  the 
barrel  as  it  is  straightened  from  its  initial  droop  when  the  projec¬ 
tile  approaches  the  muzzle  and  also  to  the  fact  that  the  initial 
droop  was  less  because  of  the  lighter  weight. 


Range  =  80  Meters 

^  A  Metal  Extension  Composite  Extension 


Figure  13.  ROUND  DISPERSION  AREA 
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One  point  that  must  not  be  overlooked  is  that  the  horizon¬ 
tal  variance  was  higher  for  the  composite  even  though  the  average 
horizontal  shot  locations  were  very  similar  for  the  two  extensions. 
This  phenomenon  has  not  been  explained.  One  suggestion  is  that 
because  the  composite  extension  was  mounted  and  fired  after  the 
metal  extension,  the  test  stand  might  have  loosened.  It  is  also 
interesting  to  note  that  on  the  day  of  the  firing  of  the  metal 
extension  there  was  essentially  no  wind,  whereas  on  the  day  that  the 
composite  extension  was  tested  the  winds  were  gusting  up  to  15  mph. 
Whether  this  point  is  significant  or  not  has  not  been  determined. 

VII.  RECOMMENDATIONS 

Although  vertical  round  dispersion  was  significantly 
decreased  with  the  current  graphite /epoxy  system,  and  the  accuracy 
of  the  gun  Increased,  further  addition  of  composites  would  result  in 
still  better  overall  performance. 

At  the  breech  end  of  the  tube,  where  the  highest  bending 
stresses  occur,  is  where  the  composite  would  be  most  needed.  To 
implement  this,  more  detailed  analyses  would  be  needed,  especially 
with  respect  to  the  thermal  problems. 

Finally,  there  are  other  components  used  in  large  caliber 
weapons  systems  such  as  suspension  components,  trails,  hydraulic 
accumulators  etc.  that  would  be  candidates  for  the  use  of  composite 
materials,  and  further  investigation  could  be  beneficial  in  many 
aspects  such  as  cost,  performance,  and  weight  savings. 

VIII.  CONCLUSION 

An  advanced  composite  barrel  extension  for  a  75mm  gun  to 
replace  an  all-metal  extension  has  been  designed,  fabricated  and 
tested.  Test  firings  verified  the  thermal  and  structural  behavior 
predicted  by  the  computer  codes.  Round  dispersion,  muzzle  deflec¬ 
tions,  and  "tlme-to-damp"  were  markedly  decreased,  accompanied  by  a 
16%  weight  savings  and  an  Increased  natural-  frequency.  The  work 
serves  as  a  base  for  a  complete  composite  gun  barrel  to  be  designed, 
fabricated  and  field  tested  next  year. 

Weight  savings,  while  modest  at  16%  in  this  first  design, 
can  be  substantial.  Taking  into  consideration  the  amount  of  steel 
that  was  replaced  by  graphite /epoxy,  37%  weight  savings  resulted. 
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Other  applications  where  graphite/epoxy  has  replaced  steel  have 
demonstrated  weight  savings  up  to  70%.  This  magnitude  of  weight 
savings  augurs  the  development  of  highly  mobile,  lightweight 
vehicles  capable  of  bearing  large  caliber  weapons  at  a  fraction  of 
current  systems  weight. 
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